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ABSTRACT
Free radicals have been detected in smoke resulting 
from the combustion of household and cellulosic materials, 
automobile fuel, and perfluoropolymers. Materials were 
pyrolyzed by a variety of methods, but the most 
reproducible results were obtained by heating the materials 
in a heated quartz tube. The smoke was reacted with a- 
phenyl-N-t-butylnitrone (PBN), and the resulting nitroxide 
spin adducts were detected by electron spin resonance.
Oxygen-centered radical spin adducts predominate, 
lesser amounts of carbon-centered radical spin adducts and 
an oxidation product of PBN were also observed when smoke 
from several cellulosic materials, dried exterior paint, 
polyethylene, rubber, and automobile exhaust was allowed to 
react with the spin trap. When cellulose smoke is 
dissolved in solution, radicals are produced for at least 
2 0  min, suggesting that metastable species in the gas-phase 
smoke decompose to form radicals in solution. No radicals 
were spin trapped polyvinyl chloride or nylon smoke.
Fluorine- and chlorine-atoms were spin trapped, and 
the spin trap was oxidized when smoke from 
perfluoropolymers (PFP) was allowed to react with PBN in 
aromatic solvents. In addition, a radical was trapped, 
whose structure has been tentatively assigned as a 
perfluoroalkoxyl radical. The spin adducts in PFP smoke
xviii
initiated polymerization of tetrafluoroethylene in the spin 
trapping solution. Several low molecular weight 
perfluorocompounds have been ruled out as the source of the 
spin adducts in PFP smoke. These results imply that free 
radicals may contribute to PFP smoke toxicity.
xix
GENERAL INTRODUCTION
This dissertation contains five chapters that 
investigate some of the free radical chemistry that occurs 
in smoke from a variety of materials. The electron spin 
resonance (ESR) spin trapping technique was used to trap 
and study these free radicals.
The first chapter, "Persistent Free Radicals in the 
Smoke of Common Household Materials: Biological and
Clinical Implications," was authored by Mr. Thomas M. 
Lachocki, Dr. Daniel F. Church, and Dr. William A. Pryor. 
This article was submitted April 29, 1987 and was published 
in Environmental Research (45, 127-139) in February of 
1988. In addition, some of this chapter's results were 
presented at the 194th American Chemical Society meeting in 
New Orleans (Organic Abstract #16 and #169). This chapter 
reports the study of the persistent free radical 
populations produced in smoke from a variety of household 
materials.
The second chapter, "Discussion of 'Free Radical 
Production From Controlled Low Energy Fires: Toxicity
Considerations," discusses an article by Lowry et al. that 
was published in the Journal of Forensic Sciences (30(1), 
73-85). This letter was submitted on May 12, 1987 and 
published in January 1988 fJ. Forens. Sci. 33(1), 13-14). 
This letter, which was also written by Mr. Thomas M.
1
Lachocki, Dr. Daniel F. Church, and Dr. William A. Pryor, 
relates the first chapter of this dissertation to Lowry's 
conclusion that free radicals can incapacitate fire 
victims.
The third chapter, "An ESR Spin-Trapping Study of the 
Gas-Phase Smoke Produced When Cellulosic Materials are 
Burned," reports some preliminary experimental methods and 
results that demonstrate that free radicals are produced in 
the smoke streams of many common cellulosic materials. In 
addition, some of the experiments in this chapter use a 
method that has been developed by another research group. 
This method uses a spin trap that is covalently bound to a 
solid glass beads.
The fourth chapter, "An ESR Spin Trapping Study of the 
Free Radicals in Automobile Exhaust," reports some 
preliminary data that involve spin trapping radicals from 
exhaust from internal combustion engines. Some of this 
chapter's results were presented at the 194th American 
Chemical Society meeting in New Orleans (Organic Abstract 
#16) .
The fifth chapter, "The Oxidative Pryolysis of 
Perfluoropolymers: An ESR Spin Trapping Study," is based
on a study of the free radicals produced when 
polytetrafluoroethylene or a tetrafluoroethylene- 
hexafluoropropylene copolymer is oxidatively pyrolyzed.
This project is a collaborative effort between duPont and
Dr. Pryor's group. Some of my results were presented at
E.I. DuPont de Nemours and Co. (Inc.)'s Polymer Products 
Department at duPont's Experimental Station in Wilmington, 
DE (January 18, 1988).
Finally, a compilation of fluorine-, chlorine- 
containing nitroxides are included in Appendix A. These 
tables were taken from several published papers and are not 
extensive. However, since these tables helped me interpret 
many of the spectra observed in this study, they are 
included to assist future workers.
CHAPTER I. PERSISTENT FREE RADICALS IN THE SMOKE 
OF COMMON HOUSEHOLD MATERIALS: BIOLOGICAL AND 
CLINICAL IMPLICATIONS
GENERAL INTRODUCTION 
The principle author of the first chapter was Mr. 
Thomas M. Lachocki, and Dr. William A. Pryor and Dr. Daniel
F. Church contributed. All authors are affiliated with the 
Department of Chemistry and the Biodynamics Institute. Dr. 
Pryor is also a member of the Department of Biochemistry. 
The manuscript was submitted on April 29, 1987 and 
published in February 1988 (Environmental Research. 45. 
127-139).
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5Box D-ll, Choppin Hall 
Department of Chemistry 
Louisiana State University 
Baton Rouge, LA 70803 
(504) 388-2068
January 26, 1988
Rights and Permission 
Academic Press 
Production Department 
1250 Sixth Ave.
San Diego, CA 92101
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ABSTRACT
We have detected free radicals in the gas-phase smoke 
resulting from the combustion of several household 
materials. Materials were pyrolyzed by rapid heating in a 
quartz ignition tube in a flowing air stream. The filtered 
smoke was bubbled into a dodecane solution of c*-phenyl-N-t- 
butylnitrone (PBN), and the resulting nitroxide radicals 
were detected by electron spin resonance. Cellulosic 
materials (birch plywood, cellulose, 1R1 research cigarette 
tobacco and yellow pine) and dried exterior paint produce 
about the same yield of trapped radicals. The smoke from 
polyethylene and rubber produce approximately two-fold more 
radicals than the smoke from the cellulosic materials.
Nylon smoke yields about ten-fold less radicals than the 
cellulosic materials. The smokes from polyvinyl chloride 
and polytetraflouroethylene do not produce detectable spin 
adducts of PBN by this method. Where radicals were 
trapped, oxygen-centered spin adducts predominated; lesser 
amounts of carbon-centered spin adducts and an oxidation 
product of PBN were observed. Different oxygen-centered 
radicals were detected from different materials, as judged 
from the variation observed in the hyperfine splitting 
constants of the principal spin adducts. When cellulose 
smoke is dissolved in solution, radicals continue to be
produced for at least 20 min, suggesting the production of 
a metastable species in the gas phase that decomposes to 
form radicals in solution.
KEY WORDS: free radicals, smoke toxicity, spin trapping
9INTRODUCTION
Most of the 5000 deaths that occur each year in fires 
in the United States are due to the inhalation of toxic 
gases from the smoke, rather than being due to heat or 
flames (National, 1986). Many of these deaths are due to 
carbon monoxide (ZiKria,74; Birky, 79; Lowry, 85a); the 
rest of the deaths appear due to carbon monoxide 
asphyxiation in combination with subsequent cardiovascular 
and pulmonary complications and burns (Birky, 79).
However, about 9% of the deaths can not be ascribed to any 
known causes (Birky, 79).
One of the most provocative features of deaths in 
fires is that the death rates appear to be higher, at least 
in some cases, than can be explained by the concentrations 
of the individual toxic gases that are components of the 
gas mixtures (Lowry, 85a). That is, in some cases, 
incapacitation of victims results even though there does 
not appear to be a single gas present in high enough 
concentration in the early stages of the fire to cause this 
effect (Lowry, 85a). This suggests the presence of 
transient, highly toxic species that are produced by the 
interaction of gaseous components and that lead to 
incapacitation and or death. Free radicals are produced in 
the combustion of many organic materials (Cullis, 81), and 
Lowry et al. have suggested that transient free radicals in
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smoke are responsible for these unexplained incapacitations 
and deaths (Lowry, 85b).
Free radicals, and particularly oxy-radicals, are 
known to be capable of producing acute damage in the lung, 
leading to edema and an array of responses that are 
collectively termed the adult respiratory distress syndrome 
(ARDS) (Tate, 84; Rinaldo, 86). The radicals involved in 
ARDS are endogenously produced. However, if persistent 
radicals in smoke were inhaled into the lung, they would be 
expected to initiate free radical damage that might mimic 
some of the features of ARDS. For example, the inhalation 
of nitrogen dioxide, a stable free radical, is known to 
lead to free radical damage (Thomas, 86).
Reactive oxygen- and carbon-centered radicals have 
been detected in tobacco (Lyons, 58; Bluhm, 71; Pryor, 76, 
83a, 84a; Halpern, 85) and cellulose (Pryor, 83b) smoke by 
the electron spin resonance (ESR) spin trapping technique. 
There is mounting evidence linking free radicals to tobacco 
smoke toxicity (Church, 85). For example, cigarette smoke 
is recognized as the major cause of emphysema (Auerbach,
72), and the free radicals in smoke have been suggested to 
play a role in its development (Carp, 78; Pryor, 84b, 86a).
In addition, it is widely believed that free radicals in 
smoke are in some way involved in carcinogenesis (Pryor,
8 6 b )  .
In a preliminary study, Lowry et al. (85b) used the 
ESR spin trapping method to detect free radicals in the 
smoke from a controlled low-energy fire; however, the 
structure of the radicals trapped were not determined. In 
addition, since a complex mixture of substances were 
burned, it has remained unclear which materials are capable 
of producing free radicals in their respective smoke 
streams. Furthermore, the widespread use of synthetic 
materials in the household and workplace has been suggested 
by some authors to contribute to the toxicity of the smoke 
from fires (Hartzell, 83; Alarie, 85; Wilkins, 85).
Therefore, the combustion of complex mixtures of 
building materials, including synthetic plastics, produces 
toxic gases that have been suggested to contain free 
radicals (Lowry, 85b). In order to compare the role of 
radicals in the smoke from different materials, we have 
burned several common household and construction materials 
separately and studied the radicals in each smoke.
The spin trapping technique (Iwamura, 67; Janzen, 68; 
Forshult, 69) employs either nitrone or nitroso compounds 
that react with a short-lived radical to form a stable 
nitroxide radical, the spin adduct, which builds up to ESR- 
detectable concentrations. The spin-trapping reaction, Eq. 
(1), is shown below for a-phenyl-N-t-butylnitrone, the spin 
trap used in this study. The ESR spectra
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of the spin adducts that are produced can yield information
radicals present in the gas-stream. The ESR spectra can be 
analyzed to give nitrogen (aN ) and beta-hydrogen (aH ) 
hyperfine splitting constants (hfsc).
PBN from Kodak (Rochester, NY) was recrystallized from 
hexane until all paramagnetic impurities were removed. Di- 
tert-butylperoxide (DTBP) from Wallace and Tiernan, Inc. 
(Buffalo, NY), dodecane (99%) and 4-amino-2,2,6,6- 
tetramethylpiperidinyloxy (ATEMPO; 97%) from Aldrich 
(Milwaukee, WI) were used without further purification. 
Electric heating tape was from the Thermolyne Corporation 
(Dubuque, IA).
about the concentrations and structures of the free
MATERIALS AND METHODS
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Birch lumber-core plywood, yellow pine (both as small 
chips), cellulose, dried exterior paint, nylon, 
polyethylene, polytetrafluoroethylene (PTFE), polyvinyl 
chloride (PVC), and rubber (floor trim and bands), were 
obtained from various commercial sources. The 1R1 research 
cigarettes and Cambridge filters were obtained from the 
University of Kentucky Tobacco and Health Research 
Institute; paper was removed from cigarettes prior to 
combustion. Each material was stored in a vacuum 
desiccator (<100 mm Hg) for at least 2 days at room 
temperature to achieve a relatively uniform dryness.
Spectra were obtained using either an IBM model 100D 
or a 200D ESR spectrometer eguipped with an ASPECT 2000 
data system. The microwave power was 20 mW, the modulation 
amplitude was 0.04 mT, the modulation frequency was 100 
KHz. A 1.0-sec time constant was used with a 500-sec scan 
time and a 5.0-mT scan range.
Procedure for Oxidative Pvrolvsis
Materials were oxidatively pyrolyzed using the 
apparatus shown in Fig. 1. The substance of interest (0.10 
g) was placed in a quartz ignition tube wrapped with 
electric heating tape. Combustion was induced by rapidly 
heating the ignition tube from 25° C to 500° C in 180 s.
500 ml/min 
flow rote—Pyrex filter holderThermocouple
Pyrex tube of variable length, 
/ 9 m m  ODHeating coil (25-500°C/3min)
Flow meterAir
1.2x20 cm Quartz 
ignition tube Joint
Temperature read-out
Bubbler
Trapping solution 
(1.0 ml)
Variac
Figure 1. Apparatus used to pyrolyze materials and spin 
trap gas-phase radicals.
PVC and PTFE were also rapidly heated to 500° C but 
required longer times in the ignition tube at about 525 °C 
(30 and 100 sec, respectively) to complete their 
combustion. Rapid heating was chosen as the method of 
pyrolysis to mimic surface heating rates under burning 
conditions (Cullis, 81). Air was pulled through the 
ignition tube (500 mL/min) to support combustion and to 
carry away combustion products. The smoke was pulled 
through four glass-fiber Cambridge filters to remove most 
of the tars and particulates (Guerin, 80). After 
filtering, the smoke was passed through a 87.0 mL (10 s 
residence time) glass column that was baffled to prevent 
laminar flow of smoke. The smoke was drawn through a spin 
trap solution throughout the pyrolysis.
Procedure for Spin Trapping
Gas-phase smoke was passed through a trapping solution 
of 1.0 mL of PBN in dodecane (0.04 M) in the bubbler (Fig. 
1). About 0.5 mL of the solution was transferred from the 
bubbler to a standard cylindrical ESR tube and purged with 
a slow stream of nitrogen for 5 min. Samples were 
carefully mounted in the cavity to reproduce the position 
of the sample in the electro-magnetic field. The ESR 
spectrum at room temperature was taken 11 to 15 min after 
sample heating commenced. The spin trapping procedure was 
repeated at least three times for each material; hfsc, line
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widths, and integral areas presented throughout this paper 
are averages.
Procedure for Delay Addition of Spin Trap
The gas-phase smoke was passed through 1.0 mL of 
dodecane in a bubbler. The dodecane solution was then held 
for a "delay time" before being added to 0.5 mL of a 0.075 
M solution of PBN in dodecane. The resulting solution was 
purged with a slow stream of nitrogen for 5 minutes; ESR 
spectra were taken 10 to 12 minutes after the two solutions 
were mixed.
Analysis of Spectra
The experimentally obtained first derivative spectra 
were digitally converted to second derivative spectra and 
were used to determine peak locations for the calculation 
of hfsc. Relative areas (in arbitrary units) were 
calculated by double integration of the first derivative 
spectra with the ASPECT data system. The percent 
contribution of the oxygen-, carbon-centered, and CC>2 T 
radical spin adducts of PBN and the oxidation product of 
PBN (PBNOx) summarized in Table 1 were determined from 
simulated spectra assuming 100% Lorentzian line shapes.
Synthesis of t-butvl-a-t-butoxvbenzvl nitroxide (t-Bu-O-
PBN^
To 0.5 mL of PBN in dodecane (0.04 M, 2 x 10-5 mol) in 
a standard quartz ESR tube, was added 0.005 mL of DTBP (4.7 
x 10-5 moi). After the solution was photolyzed with a 
mercury lamp (2 min), nitrogen was slowly bubbled through 
the solution (5 min) and the ESR spectrum was taken.
RESULTS
Identification of Spin Adducts
ESR spectra are observed when the smokes resulting 
from the combustion of various materials (Table 1) are 
bubbled through PBN in dodecane; some typical spectra are 
shown in Fig. 2 along with computer simulations. From the 
experimental spectra we were able to calculate hfsc, line 
widths, and areas for the different paramagnetic species 
present in the spin trapping solutions (Table 2).
Based on our identification of spin adducts from hfsc 
(Table 1), the major class of free radicals present in the 
smoke from all the materials studied are oxygen-centered 
radical (YO*); however, we do not know the exact structure 
of these radicals. The ESR spectrum of t-Bu-O-PBN was 
measured to determine the hfsc of a typical alkoxyl spin
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Table 1. Hyperfine splitting constants of the principal 
spin adducts, the average integral area, and the percent 
contribution of the three types of paramagnetic species 
observed in the ESR spectra obtained when the smoke from 
the listed substances is bubbled through a spin trapping
_  V \
solution of PBN in dodecane. '
Average  YO-PBN RPBNf PBNOx
Substance c Integral ajj/aji % % %
________________Area ^ fin mT) —_____________________
Rubber 16 1.351/0.168 94 6 0
Polyethylene 13 1.340/0.172 94 5 1
Exterior Paint 6 1.336/0.166 94 6 1
Yellow Pine 6 1.322/0.167 95 4 1
Cellulose 6 1.335/0.170 86 11 3
1R1 Tobacco 5 1.351/0.173 85 13 2
Birch Plywood 4 1.330/0.172 73 12 15
Nylon 0.4 g g g g
a) The average integral areas and hfsc were taken from no 
less than three repetitions. The standard deviations for 
nitrogen and B-hydrogen splitting constants and the average 
integral area were less than 1, 3, and 40 % of the mean, 
respectively.
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b) The percent contribution of the oxygen- and carbon- 
centered spin adducts and PBNOx were determined by matching 
computer simulations to experimental spectra.
c) Polyvinyl chloride and polytetrafluoroethylene were also 
tested but did not yield ESR detectable spin adducts. 
(However, see note added in proof.)
d) Average integral area is the average area under the 
curve of the ESR spectra; they were calculated by double 
integration.
e) The second derivative of the experimental spectra were 
used to calculate the hfsc of the oxygen-centered spin 
adduct of PBN.
f) The contribution of both the carbon-centered and C02T 
spin adducts are combined in this column.
g) The integral area was too low to calculate hfsc and 
percent contributions.______________________________________ _
(A) Cellulose (B) Polyethylene (C) Rubber
l.OmT
Figure 2. Experimental (top) and computer simulated 
(bottom) ESR spectra observed when the gas-phase smoke 
produced when (A) cellulose, (B) polyethylene, or (C) 
rubber is pyrolyzed in the apparatus shown in Figure 1 
is bubbled through PBN in dodecane (0.04 M ) .
adduct (Y = alkyl) in dodecane; the hfsc we obtain are a^ = 
1.35 mT and an = 0.17 mT. These hfsc agree closely with 
previous determinations of the parameters for the t- 
butyoxyl spin adduct of PBN (ajj = 1.36 to 1.38 mT and ay = 
0.18 to 0.2 0 mT in benzene; Forrester, 79) and with the 
hfsc we obtain for the spin adducts produced in the 
combustion of rubber (ajj = 1.351 and ajj = 0.168 mT) and 1R1
tobacco smoke (a^ = 1.351 and an = 0.173 mT).
However, some of the materials burned produced spin 
adducts with hfsc too low to be due to typical alkoxyl 
radicals. For example, the hfsc we obtain for the 
combustion of yellow pine (a^ = 1.322 and ajj = 0.167 mT),
birch plywood (ajj = 1.330 and an = 0.172 mT), cellulose (a^
= 1.332 and ajj = 0.170 mT), polyethylene (a^ = 1.340 and an 
= 0.172 mT), and exterior paint (a^ = 1.336 and an = 0.166 
mT) are significantly lower than the hfsc of the t-butoxyl 
spin adduct (a^ j = 1.35 and ay = 0.17 mT) reported above. 
Acyloxyl radicals (Y0* = R-C(0)0*) yield spin adducts with 
lower hfsc (aw = 1.27 to 1.36 mT and an = 0.16 to 0.18 mT, 
in benzene; Forrester, 79; Janzen, 69) than alkoxyl spin 
adducts. However, the present data do not allow us to 
identify these radicals more precisely than as oxygen- 
centered; we are presently using alternative methods in an 
attempt to clarify the structure of the oxygen-centered 
radicals that we trap.
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The second type of radical we trap yields spin adducts 
(Table 2) with high hfsc (a^ = 1.44 + 0.02 and ajj = 0.47 + 
0.02 mT). This signal has been tentatively assigned to the 
spin adduct of the CO2 ' radical (Pryor, 83b).
The hfsc for the third type of spin adduct (a^ = 1.42 
± 0.02 mT and ajj = 0.32 ± 0.02 mT) agree with those in the 
literature for the spin adducts of carbon-centered radicals 
to PBN (Forrester,79). However, we are unable to determine 
a detailed structure of the third type of radical we trap.
The fourth type of spin adduct that we observe is due 
to benzoyl-N-t-butylnitroxide (PBNOx), an oxidation product 
of the spin trap. The signal due to PBNOx is prominent in 
Figure 2A and is present in varying amounts in the spectra 
of the smokes of the other materials summarized in Table 1.
The region of the low-field peaks in the experimental 
spectrum from the reaction of polyethylene smoke with PBN 
(Figure 2B) is expanded in Figure 3 to illustrate the 
contribution of the spin adducts summarized in Table 2.
The two low-field lines due to YO-PBN (o) predominate.
Small shoulders due to the carbon-centered radical are 
almost completely masked by YO-PBN, but spectral 
distortions due to this adduct are pointed out (•) in 
Figure 3; the signal due to the C02T spin adduct (a) is 
masked to a lesser extent by YO-PBN. The three line 
pattern due to PBNOx (ajj - 0.79 mT) is clearly seen in the 
spectrum of cellulose smoke (Figure 2A).
Table 2. Hyperfine splitting constants, line widths, and 
relative intensities used to calculate computer simulations 
of experimentally observed ESR spectra pictured in Fig. 2.
Nitrogen Hydrogen Line Relative Trapped
Splitting Splitting Width Spectral Radical
fin mT)____ fin mT)________fin mT) Area_________Assignment^
Material == Cellulose
1.34 0.165 0.08 5.2 YO*
1.46 0.46 0.11 0.5 cv
1.42 0.32 0.8 0.2 R*
0.79 b 0.04 0.1 PBNOx
Material = Polyethylene
1.34 0.17 0.08 12.2 YO*
1.42 0.49 0.11 0.5 C02T
1.41 0.32 0.08 0.2 R*
0.79 b 0.04 0.1 PBNOX
Material = Rubber
1.35 0.165 0.08 15.1 YO*
1.42 0.32 0.12 0.9 R* c
a) There are four assignments of trapped radicals: YO’ 
signifies the oxygen-centered spin adduct of PBN, C02r has 
been tentatively assigned to these spectral parameters, R' 
signifies the carbon-centered (ciikyl) spin adduct of PBN,
and PBNOx signifies the oxidation products of PBN.
b) No beta-hydrogen is present in benzoyl-t-butylnitroxide 
(PBNOx).
c) Due to the low intensity it is unclear if C02 * is also 
present.
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O
0.1 mT
Figure 3. Partial ESR spectrum of the spin adducts due 
to the reaction of cellulose smoke with PBN. The downfield 
peaks due to oxygen-centered (o) , carbon-centered (•), and 
CO2 ” (a ) are pointed out.
Computer simulations were calculated using hfsc 
obtained from the experimental spectra (Table 2) . A close 
match between the experimental spectra and the simulations 
(Figure 2) confirms the hfsc and peak widths and allows the 
calculation of the contribution of each of the spin adducts 
to the total spectrum for each of the materials tested 
(Table 1).
Spin Adduct Intensities
Our spin trap results indicate some variation in the 
relative concentrations of the three spin adducts and PBNOx 
from the materials listed in Table 1. In all cases where 
radicals are trapped, the oxygen-centered spin adduct of 
PBN (YO-PBN) predominates (Table 1), with the relative 
concentration of YO-PBN varying from 73 to 95% of the total 
signal. The carbon-centered radical (R-PBN) and the C02T 
spin adducts are both present in lower relative 
concentrations. Their combined contribution ranges from 4 
to 13% (Table 1). The concentration of PBNOx is generally 
below 3%, but reaches 15% in the case of birch plywood.
The total intensities of the ESR spectra from 
different smokes also vary (Table 1). All of the 
cellulosic materials tested, as well as dried exterior 
paint, yield about the same total concentration of 
paramagnetic species (integral area = 5 ± 1). Rubber and 
polyethylene yield about two-fold more radicals than the
27
cellulosic materials (integral area = 16 and 13, 
respectively). Nylon produces about ten-fold less spin 
adducts than the cellulosic materials tested (integral area 
= 0.4); we could not calculate hfsc or line widths because 
of low signal-to-noise ratios in the ESR spectra obtained 
from nylon smoke. The smoke from PVC and PTFE do not yield 
detectable spin adducts of PBN by this method. An integral 
area of 0.2 is our detection limit.
Nitroxide spin adducts could react with components of 
the smoke (Pryor, 84a). If nylon, PVC, and PTFE smoke were 
to react with nitroxides to give non-radical products, then 
radicals may escape detection. To probe this possibility, 
the effect of smoke on authentic t-Bu-O-PBN, a typical 
alkoxyl spin adduct, was examined. No loss in ESR signal 
intensity of the spin adduct was observed after the smoke 
from nylon, PVC, or PTFE was bubbled through the solution. 
Therefore, spin adducts from the smokes of nylon, PVC, and 
PTFE are not subsequently quenched by other smoke 
components.
Delay Addition Experiments
Experiments were performed in which smoke was bubbled 
through a solvent that contained no spin trap; PBN was then 
added after the bubbling was stopped. Varying the delay 
time before addition of the spin trap provides evidence 
that the radical precursors in cellulose and 1R1 tobacco
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smoke have different lifetimes. A plot of ESR signal 
intensity versus delay time is shown in Figure 4. Radicals 
are spin trapped for less than 3 0 sec after tobacco smoke 
(■) and more than 20 minutes after cellulose smoke (#) is 
no longer bubbled through dodecane.
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Figure 4. The integral ESR spectral area of PBN spin 
adducts vs. delay time for cellulose (•) and 1R1 tobacco 
(■) is plotted. Delay time is defined as the time 
difference between when smoking was stopped and when the 
spin trap was added to the dodecane. The approximate 
error of the integral area is 40%.
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DISCUSSION
The United States has one of the highest fire death 
rates per capita in the world; however, the cause of many 
of these deaths is unknown (National, 86; Hartzell, 83). 
Incapacitation, which may lead to death, often occurs in 
the early stages of fires; however, in some cases, no gas 
is present in high enough concentration to cause 
incapacitation (Lowry, 85a), and it has been suggested that 
free radicals in smoke play a role. Although radical 
production in smoke from tobacco is well documented, the 
only data showing that radicals are also present in the 
smoke resulting from the combustion of construction 
materials are those of Lowry (Lowry, 85b); however, the 
source and structure of the radicals was unclear.
The present report demonstrates for the first time 
that free radicals are produced in the smoke streams of 
many common household and construction materials. Our 
results indicate that oxygen-centered free radicals are the 
principal paramagnetic species present in the combustion of 
the building materials we have studied. We also trap 
smaller amounts of carbon-centered free radicals and a 
third radical that we suggest is C02T . In addition, these 
smokes oxidize PBN to PBNOx to differing extents, 
demonstrating that while all smokes are oxidizing, their
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oxidizing powers differ.
The hfsc of the spin adducts of the predominant 
oxygen-centered radicals are different for the different 
combustion materials we have studied. A change in polarity 
of the trapping solution as a function of the chemical 
nature of the smoke could cause a change in both nitrogen 
and beta-hydrogen splitting due to a change in the relative 
stability of resonance structures of the spin adduct shown 
in Eq. (1) (Janzen, 69, 82). For example, an increase in 
solvent polarity would stabilize the zwitterionic resonance 
structure, IB. The increased radical character on the 
nitrogen of the spin adduct would be reflected by an 
increase in the nitrogen and the 6-hydrogen hfsc. However, 
when smoke from yellow pine and 1R1 tobacco (which differ 
most in their hfsc) were bubbled through pure dodecane, and 
the stable nitroxide ATEMPO was added afterwards, ATEMPO's 
splitting constants were unchanged. Therefore, the 
dissolving of different smokes does not cause a significant 
change in the polarity of the dodecane, and this factor can 
not be responsible for the changes in hfsc of the principal 
spin adducts we detect.
The relative and total yields of spin adducts vary for 
the smokes from the different combustion materials we have 
studied. For example, the smoke from rubber, polyethylene, 
dried exterior paint, yellow pine, cellulose, 1R1 tobacco, 
and birch plywood all yield spin adducts when bubbled
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through a spin-trapping solution. The smoke from nylon 
yields weak ESR signals just above the detection limit.
The smoke from PVC and PTFE do not yield detectable 
concentrations of spin adducts by the protocols used in 
this study.3
The spin-trap method demonstrates that the radicals 
present in gas-phase cigarette smoke are reactive carbon- 
and oxygen-centered free radicals (Lyons, 58; Bluhm, 71; 
Pryor, 76, 83a, 84a; Halpern, 85) whose structures would 
predict lifetimes in the millisecond to second range.
However, studies in which gas-phase cigarette smoke is held 
in a syringe before being injected into the spin-trap 
solution indicate an apparent lifetime for the radicals of 
5 minutes or more (Pryor,76). To rationalize this paradox, 
we have proposed a steady-state mechanism in which free 
radicals are continuously produced in gas-phase smoke.
This mechanism (Pryor, 76, 84a) involves the slow oxidation 
of nitric oxide, NO, which is present in high 
concentrations in cigarette smoke, to the more reactive 
nitrogen dioxide. Nitrogen dioxide is then proposed to add 
to reactive components in smoke such as isoprene to produce 
carbon-centered free radicals (Pryor, 76; Atkinson, 84).
a) Note added in proof. Using a different protocol, we 
have now shown that radicals can be detected in the smoke 
from PTFE pyrolyzed in air .
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These free radicals rapidly react with oxygen to produce 
peroxyl radicals, which react with NO to form alkoxyl 
radicals. These reactions are shown in Eq. (2)-(5) below. 
However, this mechanism can not apply to the smoke from 
material such as cellulose that yields little or no N0X .
NO + 1/2 0 2 — ow» N02 (2)
N02 + > = C " ' -------N02- C - £ *  (3)
^  I I
(R*)
r .  +  o2 -  R02» ( 4 )
R02* + NO -— R0*+N02 (5)
We have performed experiments in which the smoke is 
bubbled into solution but a delay time is allowed to elapse 
before the spin trap is added. These experiments 
demonstrate that while the precursors of the radicals in 
tobacco smoke have lifetimes for less than 30 seconds in 
solution, those in cellulose smoke persist for more than 20 
minutes (Figure 4). This dramatic difference suggests that 
radicals trapped from tobacco and cellulose smoke arise by 
different processes or from different precursors. To 
rationalize the apparently long lifetime of the radicals in 
the smoke from cellulose, we suggest that a metastable
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species is produced that has sufficient stability to reach 
the spin-trap solution where it slowly decomposes to yield 
spin-trappable free radicals. We have suggested that 
dioxetanes might be one type of metastable species that is 
produced in combustion and lead to our observed effect 
(Pryor, 83b). Dioxetanes can decompose (Schapp, 82) to 
form excited carbonyl species that can react like alkoxyl 
radicals to generate carbon-centered radicals from hydrogen 
donors (Walling, 65; Pryor, 83b).
CONCLUSIONS AND SUMMARY
Radicals are known to be produced during the 
combustion of organic materials, but the types of radicals 
that would be formed are very reactive and short-lived and 
would not survive long enough to be inhaled by persons 
exposed to smoke. This is shown in Fig. 5, process A, in 
which radicals produced in the flame are shown to decay too 
rapidly to reach either the spin-trap solution (where they 
would be detected) or the lungs of a person in a fire.
We have shown that radicals are trapped from tobacco 
smoke for minutes after combustion. To explain this 
observation, a steady state mechanism involving N0X was 
proposed for the production of reactive short-lived 
radicals in the smoke stream (Pryor, 84a). This is shown 
in process B and D, Fig. 5.
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Figure 5. A scheme representing alternative modes for the 
formation of spin trappable radicals in tobacco smoke and 
the smoke from building materials.
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In this study we have reported on materials such as 
cellulose, that would give very little or no NOx, and so 
the mechanism shown in process B can not apply. In 
addition, for cellulose we detect radicals very much longer 
in solution than is true for cigarette smoke (Figure 4).
To explain these results we proposed that metastable 
intermediates are formed in the smoke from materials like 
cellulose, process C, and that these intermediates dissolve 
in solution, process E, and then slowly decompose to 
radicals, process G. Since the intermediates are volatile, 
and since they decompose to form free radicals in solution, 
we suggest that they could be inhaled by persons in a fire, 
and might reach the distal regions of the lung where they 
would decompose to form free radicals and initiate free 
radical pathology as shown in process I in Figure 5.
Finally, a speculative suggestion regarding the 
clinical applications of this work may be warranted. Some 
of the pathology from smoke inhalation resembles the 
effects of ARDS (Crapo, 80), and the role of free radicals 
in ARDS is supported by considerable body of data (Tate,
83, 84: Morganroth, 86). Clinical treatment of ARDS based 
on free radical scavenging techniques appears to be 
possible, and research to identify such treatments is 
underway in several laboratories (Turrens, 84; Freeman,
85). Thus, if further research confirms that free radical 
pathology is involved in smoke inhalation, then new
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approaches to clinical treatment of this condition may be 
possible.
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CHAPTER II. DISCUSSION OF "FREE RADICAL PRODUCTION FROM 
CONTROLLED LOW ENERGY FIRES: TOXICITY CONSIDERATIONS"
GENERAL INTRODUCTION
This LETTER TO THE EDITOR was published in the Journal 
of Forensic Sciences; it was submitted on May 12, 1987.
The principle author was Thomas M. Lachocki, and Dr.
William A. Pryor and Dr. Daniel F. Church contributed. The 
running title this letter was "Free Radicals in Smoke." 
After this letter was accepted for publications, it was 
discovered that using a different protocol, free radicals 
can now be detected in smoke from either 
polytetrafluoroethylene or from other perfluoropolymers 
(See Chapter V ) .
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Sir:
Lowry et al. showed in a recent article in this 
journal (Vol. 30, No. 1, January 1985, pp. 73-85) that free 
radicals are detected using the spin trapping technique in 
controlled low-energy fires when mixtures of materials are 
burned. They also suggest that these radicals are present 
in high enough concentrations to be responsible for 
incapacitation and the deaths resulting from incapacitation 
in structural fires. We have been investigating the yields 
of radicals from tobacco smoke (1-3] and from several 
specific types of building materials [4], and in this 
letter we wish to present a synopsis of our results and 
their toxicological implications and relate them to the 
report of Lowry et al.
We find that radicals are present in the smoke of 
several common household and construction materials 
(polyethylene, rubber, cellulose, yellow pine, birch 
plywood, 1R1 tobacco, and dried exterior paint), but not in 
the smoke from other materials (nylon, polyvinyl chloride, 
or polytetrafluoroethylene). We have probed the mechanism 
for the production of radicals in the smoke from combustion 
materials [4]. To do this, we performed experiments in 
which smoke is bubbled into a solvent and a delay time 
allowed to elapse before the free radical spin trap is 
added. These experiments demonstrate that the radicals
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is added 20 minutes after the smoke dissolves; this is in 
striking contrast to the situation for tobacco smoke, where 
the radicals can only be detected if the spin trap is added 
within 10 seconds.
This dramatic difference suggests that radicals 
trapped from tobacco and cellulose smoke arise by different 
processes. We have shown that very short-lived radicals 
occur in cigarette smoke [1,2]. However, these reactive 
radicals are continuously produced in gas-phase cigarette 
smoke by NOx chemistry analogous to that which occurs in 
smog, giving cigarette smoke radicals an apparently long 
lifetime in the gas phase [3]. However, once these 
radicals dissolve in solution, they have very short 
lifetimes. In contrast, cellulose smoke appears to 
generate metastable intermediates, and these intermediates 
have sufficiently long lifetimes to allow them to dissolve 
in an organic solvent and then decompose to form radicals 
that can be spin trapped [4]. Because of the lifetimes of 
these intermediates both in the gas phase and in solution, 
it appears reasonable to propose that they are able to 
travel great distances in a fire environment, to be 
inhaled, and to reach the distal regions of the lung, where 
they would decompose and initiate free radical pathology.
The yields of radicals we detect in smoke from the 
combustion of various materials tested do not correlate 
with their LC5Q values [5]. It also is worth noting that
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persons exposed to cigarette smoke for hours, as in smoke 
filled rooms, are not incapacitated, despite the fact that 
oxy-radicals exist in high concentrations in tobacco smoke 
[1-3]. Clearly the radicals in cellulose smoke and tobacco 
smoke may be quite different. Furthermore, the radicals 
from the combustion of wood could have more immediate 
physiological effects than do those from tobacco, due to 
their different mechanisms of generation and consequent 
apparent lifetimes. Nevertheless, it still appears to be 
inappropriate to state as Lowry et al. do that ".. free 
radicals...[are] trapped [in low-energy fires] in 
concentrations that [provide] an explanation for 
'incapacitations without a cause.'" Radicals in fires may 
well play a critical role in the toxic effects of smoke 
inhalation. However, radicals in smokes can not be used to 
explain the incapacitating effects of smokes or other 
physiological effects until the structures, reactivities 
and lifetimes of the radicals are known in greater detail.
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CHAPTER III. AN ESR SPIN-TRAPPING STUDY OF THE GAS-PHASE 
SMOKE PRODUCED WHEN CELLULOSIC MATERIALS ARE BURNED
INTRODUCTION
Mankind burned 1.6 billion cubic meters of wood in 
1980, and one third of the world's population burn wood for 
their energy needs (Bogach, 85). Increased use of wood as 
fuel, especially in developing countries (Tillman, 78, 81; 
Cheremisinoff, 80; Bogach, 85) parallels increased concern 
that wood smoke may cause human pathology (Hilado, 78; 
Tillman, 78, 81; Cannon, 84; Honicky, 85; National, 85,
86; Traynor, 87)
Two studies have investigated the role free radicals 
play when common household materials are burned. First, 
Lowry et al. detected free radicals in controlled low- 
energy fires when a complex mixture of materials were 
burned (Lowry, 85). They suggested that the free radicals 
incapacitated fire victims; however, the structures of the 
free radicals that they detected remain unclear (Lachocki, 
88a). Second, Lachocki et al. detected carbon- and oxygen- 
centered free radicals when several common construction 
materials were burned separately (Lachocki, 87, 88b). They 
suggested that the damage these radicals could cause might 
mimic the damage that occurs during adult respiratory 
distress syndrome, an acute respiratory failure (Tate, 83;
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Rinaldo, 86).
Although numerous studies have investigated the 
mechanism of wood combustion and pyrolysis and the toxicity 
of woodsmoke (O'Mara, 74; Shafizadeh, 75, 77; Beall, 76; 
Hilado, 78; Cullis, 83; Levin, 82; Traynor, 87), little is 
known about the structure and reactivity of the free 
radicals produced in woodsmoke. Free radicals have been 
detected in the smoke from burning cellulose, the major 
constituent of wood. Pryor et al. burned cellulose and 
bubbled the gas-phase smoke through a spin trapping 
solution; they detected carbon- and oxygen-centered 
radicals and suggested that cellulose smoke may contain 
metastable intermediates, possibly dioxetanes, that can 
decompose to form free radicals (Pryor, 81).
Lachocki et al. studied the smoke from cellulose, 
yellow pine and birch plywood - as well as other household 
materials (Lachocki, 88b). They detected carbon- and 
oxygen-centered free radicals from the gas-phase smoke. In 
addition, they determined that free radicals were produced 
for more than 2 0 minutes after cellulose smoke was bubbled 
through dodecane. They concluded that if the radical 
producing species were inhaled, the intermediates may 
decompose to initiate free radical damage.
Carbon- and oxygen-centered free radicals have been 
detected in tobacco smoke (Lyons, 58; Bluhm, 71; DeSalles,
73; Halpern, 85; Pryor, 76, 83, 84), and evidence links
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these free radicals to tobacco smoke toxicity (Cannon, 84; 
Church, 85; Pryor, 86a, 86b). The free radicals in tobacco 
smoke, like those in cellulose smoke, should have lifetimes 
of less than a second but are trapped after minutes from 
the gas phase. The free radicals in tobacco smoke, unlike 
those in cellulose smoke are shorter lived when dissolved 
in solution. The free radicals in tobacco smoke are 
thought to be produced by reactions of nitric oxide (NO), 
nitrogen dioxide (NO2 ), and olefins in cigarette smoke 
(Pryor, 83). However, since woodsmoke contains less 
nitrogen, this mechanism can not apply.
In addition to the spin trapping methods described in 
previous chapters, a spin trapping technigue was used that 
involved using a spin trap that was covalently bound to a 
glass bead. Although nitrone spin traps have been used as 
effective radicals scavengers in polymer stabilization 
(Chakraborty, 84), only limited results have been reported 
when the spin adduct's ESR spectra were analyzed. For 
example, Janzen et al. (79) synthesized a polymeric 
nitrone, poly(p[a-(N-tert-butylnitronyl)]styrene). When 
this polymeric spin trap was reacted with a sulfate-radical 
source, a very weak ESR spectrum was observed (Janzen, 79).
More intense spectra were observed when the nitrone 
spin trap was covalently bound to a glass bead. Bancroft 
et al. (80) covalently bound the spin trap, a-phenyl-N-(1- 
hydroxy-2-methyl-2-propyl) nitrone (HOPBN), to glass beads
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that were previously functionalized with 2,4,6-trichloro- 
1,3,5-triazine. The functionalized beads bind to the 
alcoholic functionality on the spin trap to yield the a 
spin trap bound to the functionalized silica surface (Si- 
OPBN) (Bancroft, 80; Walter, 82). When Bancroft et al.
(80) exposed this immobilized spin trap to a phenyl-radical 
source, spin adducts with hyperfine splitting constants 
similar to those produced when phenyl radicals add to HOPBN 
were detected.
In this chapter, I report my preliminary study to the 
work described in the first two chapters of this 
dissertation. This work was an extention of cigarette 
smoke research performed in Dr. Pryor's group.
Consequently, the combustion methods used were designed to 
mimic cigarette and pipe smoke. Such methods deviated from 
those used to study smoke toxicology (Kaplan, 83).
Therefore, the combustion methods described in this chapter 
were not used in subsequent studies (Chapters I, II, IV, 
and V ) .
MATERIALS AND METHODS 
Sources of Materials
Dodecane (99%) and 2,4,6-trichloro-l,3,5-triazine from 
Aldrich (Milwaukee, WI), 2-Methyl-2-nitro-l-propanol from 
Polysciences (Warrington, PA), selected quartz ESR tubes (4 
mm OD and 3 mm ID) from Wilmad (Buena, NJ), and glacial
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acetic acid from Mallinckrodt (Paris, KY) were used as 
obtained. Porcelain filters from Coors (Size 0) were 
purchased from Sargent-Welch (Dallas, TX). Filter sticks 
were purchased from Ace Glass (Vineland, NJ). Commercial 
double length rolling papers (Robert Burton Associates 
Ltd., NY) and butane lighters (Bic Corp.; Milford, CT) were 
purchased from local retailers. Glass beads with 
controlled pore sizes (Part # CPG01000; Lot # 08A02; mesh 
size = 80/120; mean pore diameter = 962 ; pore
distribution = +6.8 %; pore volume = 1.04 cc/g; surface 
area = 26.1 M 2/g) were purchased from Electronucleonics 
(Fairfield, NJ).
a-Phenyl-N-tert-butyl nitrone (PBN) from Kodak 
(Rochester, NY) was recrystallized from hexane until all 
paramagnetic impurities were removed. Benzaldehyde from 
Aldrich (Milwaukee, WI) was destilled under low pressure 
and stored under nitrogen. Zinc from Mallinckrodt (Paris,
KY) was activated by successive washings with dilute HC1 (2 
times), water (2 times), 95% ethanol (2 times), and 
anhydrous ether (2 times).
Cellulose, in the form of filter paper (Whatman No.
1), was purchased from Whatman Ltd. (Maidstone, England).
The 1R1 research cigarettes and Cambridge filters were 
obtained from the University of Kentucky Tobacco and Health 
Research Institute. Birch lumber-core plywood (5 ply), 
yellow pine, poplar, cork board, newsprint, balsa wood, and
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Wolmanized ®  lumber were obtained from local retailers. 
Wolmanized lumber is chemically treated to repel termites 
for thirty years. Powder from each wood was used in all 
combustion experiments. Wood powder was collected after 
wood samples were drilled with an electric drill mounted 
with a spaded drill bit.
Ignition and Storage Procedures for Materials
Materials were burned by two protocols in this study. 
First, a series of materials were burned in a porcelain 
filter that was mounted to the apparatus shown in Figure 
III-l; this procedure eliminated any contribution of 
cigarette paper. Second, a series of materials were burned 
as 11 cigarettes" that were mounted in the same apparatus; 
this procedure was used to compare materials to 1R1 
cigarettes.
In the first protocol, the combustion apparatus 
pictured in Figure III-1A was used to study the gas-phase 
smoke from several materials. The substance of interest 
was stored under ambient conditions. Samples (1.0 g) were 
placed in the porcelain filter and ignited with a butane 
flame by exposing the material to the flame for five 
seconds while an air stream was drawn through the pipe to 
support combustion and to carry away combustion products. 
Materials were reignited no more than five times.
Woter
Aspirotor
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Figure III—l. Apparatus used in combustion experiments. 
Porcelain pipe (A) or Cigarettes (B) that containted the 
test material are mounted to the Cambridge fiter holder.
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In the second protocol, the combustion apparatus 
pictured in Figure III-1B was used to study the gas-phase 
smoke from several materials. The substances were rolled 
into the form of cigarettes (0.6 g) in double length 
rolling papers (7.5 x 7.5 cm; 0.1 g) and stored in a 
desiccator that contained a saturated aqueous solution of 
ammonium sulfate to provide a relative humidity similar to 
other cigarette smoke studies (Pryor, 76, 84). Cigarettes 
were ignited with a butane lighter by passing the flame 
from the lighter over the tip of the cigarette for no more 
than five seconds while air was drawn through the cigarette 
to support combustion and to carry away combustion 
products. Materials were reignited no more than five 
times. Two cigarettes were burned in each experiment.
Synthesis of HOPBN
The procedure used to synthesize HOPBN was similar to 
that used by Huey and Cherry (85). To a cooled (4 °C) 
round bottom flask, fitted with an addition funnel, a 
magnetic stirrer, and a thermometer, was added 700 mL of 
bulk ethanol, 16.5 g (0.155 moles) of benzaldehyde, 37.0 g 
(0.311 moles) 2-methyl-2-nitro-l-propanol, and 61.0 g 
(0.8933 moles) of zinc. The reaction temperature was 
maintained below 10 °C while 11.2 g (0.187 moles) of 
glacial acetic acid was added to the reaction mixture and 
the formation of white zinc acetate salts were observed.
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After the addition of acid was complete the reaction 
mixture was stirred for four additional hours at 4 °C.
After filtering the zinc salts, the ethanol was 
stripped by rotoevaporation. The oil which resulted was 
diluted with deionized water(2 00 mL), and extracted into 
ether (6 x 100 mL). The ether was removed yielding a 
colorless oil, which dried overnight at low pressure (ca.
0.5 mm Hg) giving a white paste. A crystalline white 
compound (mp = 75.8-76.9 °C, 11.3 g, 0.0585 moles, 38% 
yield) resulted after two recrystallizations from 
ethylacetate/hexane (50:50). The nuclear magnetic 
resonance (NMR) and mass spectrum (MS) (Figures III-2 and 
III—3, respectively) match literature values (Janzen, 78) 
confirming the spin trap's structure.
Covalent Binding of HOPBN and Glass Beads
The procedure used to bind HOPBN to glass beads was 
similar to that used by Bancroft et al. (80). After the 
glass beads' surfaces were activated by stirring them in 
concentrated hydrochloric acid (1 hr), the beads (1.0 g) 
were washed with deionized water (2 x 100 mL) and acetone 
(50 mL). After drying the beads in a vacuum oven (135 °C;
4 hrs), they were transferred to a benzene solution
—4
containing 0.052 g (2.8 x 10 moles) of triazine and 
refluxed (4 hrs).
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Figure III-2. Nuclear magnetic resonance spectrum of the 
HOPBN.
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Figure III-3. Mass spectrum of HOPBN.
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The functionalized beads were filtered and excess
triazine was extracted from the beads (Soxhlet extraction,
overnight). The beads were then transferred to a flask
-4containing 0.053 g (2.73 x 10 moles) of HOPBN m  60 mL of 
benzene. The mixture was gently refluxed overnight.
Unreacted HOPBN was extracted from the glass beads 
(Soxhlet, 36 hrs). The spin trap laden beads (Si-OPBN; 5% 
wt/wt) were dried at low pressure (ca. 0.5 mm Hg, 12 hrs) 
and stored under nitrogen at 6 °C.
Spin Trapping Procedure
In a typical experiment, whole smoke was pulled 
through four glass-fiber Cambridge filters to remove most 
of the tar and particulate from the gas-phase smoke 
(Guerin, 80). After filtering, the gas-phase smoke was 
passed through a column at a flow rate of either 500 or 800 
mL/min. The gas-phase smoke traveled through the column 
approximately ten seconds before it was drawn through a 
solution of PBN in dodecane (0.04 M ) .
An aliquot of the spin trapping solution (0.5 mL) was 
transferred from the bubbler (Figure III-l) to a 
cylindrical ESR tube and purged with a slow stream of 
nitrogen for 5 minutes to remove the oxygen. Samples were 
carefully mounted in the cavity to reproduce the position 
of the sample in the electro-magnetic field and the ESR 
spectrum was measured.
To spin trap with Si-OPBN, the apparatus shown in 
Figure III-4 was used. The smoke from two 1R1 cigarettes 
was passed through a 0.2 g sample of Si-OPBN (5% wt/wt) at 
500 mL/min. After sampling was completed, the Si-OPBN was 
transferred to an ESR tube and immersed in benzene. After 
a slow stream of nitrogen was bubbled through the mixture, 
the ESR spectrum was measured.
Reaction of Butane Lighter Fumes with PBN in Dodecane
A butane lighter was chosen as the ignition source 
since the fumes from the flame do not react with a spin 
trap to form spin adducts. No spin adducts were observed 
when fumes from a butane lighter were drawn through a 
solution of PBN in dodecane (0.04 M) for three minutes 
using the apparatus shown in Figure III-5.
Measurement and Analysis of ESR Spectra
Spectra were obtained using an IBM model 100D 
spectrometer equipped with an ASPECT 2000 data system. In 
most experiments, the microwave power was 20 mW, the 
modulation amplitude was 0.04 mT, and the modulation 
frequency was 100 KHz. A 500 s time constant was used with 
a 500 s scan time and a 5.0 mT scan range. Spectral gains 
ranged from 1 x 105 to 1 x 106 .
Flow
Controler
Woter
Aspirator
Spin trap bound 
to glass beads 
(Si-OPBN)
Cambridge 
Filter Holder
Variable
Path
Filters
Length
Figure III-4. Apparatus used to spin trap radicals from 
tobacco smoke with the spin trap bound to glass beads (S 
OPBN).
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Figure III-5. Apparatus to study the effect of fumes 
from a butane flame on a spin-trapping solution.
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The experimentally obtained first derivative ESR 
spectra were digitally converted to second derivative 
spectra; the second derivative spectra were used to 
determine peak locations and to calculate nitrogen (aN) and 
hydrogen (aH) hyperfine splitting constants (hfsc). Low 
signal to noise ratios hampered the precise determination 
of hfsc in some cases. To overcome this problem, hfsc were 
estimated by comparing second derivative spectra with stick 
simulations that were calculated with the data system. For 
example, see Figure III-6. Relative areas (in arbitrary 
units) were calculated by double integration of the first 
derivative spectra with the ASPECT data system. The 
percent contributions of the different spin adducts (R0- 
PBN, R-PBN, and PBNOx) were determined from simulated 
spectra assuming 100% Lorentzian line shapes.
RESULTS
Identification of Spin Adducts
Different ESR spectra result when smoke from different 
cellulosic materials is reacted with the spin trap. Four 
types of signals are observed in each spectrum. In 
addition, the major spin adduct's hfsc vary for different 
materials and combustion techniques. Due to some of the 
spin adduct's low concentrations, I can not accurately 
measure the changes in the hfsc.
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Figure III-6. Comparison of (A), the second derivative ESR 
spectrum produced when gas-phase smoke from burning balsa 
wood is bubbled through PBN in dodecane, with (B) a stick 
simulation. The three line pattern due to PBNOx is not 
shown in the stick simulation.
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Four types of signals contribute to the total ESR 
spectra when gas-phase smoke from different materials is 
reacted with the spin trap. The principal radicals trapped 
produced spin adducts with hfsc similar to those produced 
when oxygen-centered radicals of known structure are spin- 
trapped (Forrester, 79). The signal due to an oxygen- 
centered radical spin adduct predominates regardless of 
combustion procedure or material burned (Table III-l and 
III-2).
Three other types of radicals, in addition to the 
principal oxygen-centered radical, are detected in the spin 
trap solution. The first type of spin adduct has hfsc (aN 
= 1.42 mT and aH = 0.32 mT) similar to those produced when 
carbon-centered radicals add to PBN (Forrester, 79). The 
second type of spin adducts have higher hfsc (aN = 1.47 mT 
and aH = 0.45 mT). The structure of this spin adduct is 
unclear; both the anionic radical of carbon dioxide (CC>2 ~) 
and the benzoyl radical (Bz-(O)C*) produce spin adducts 
with hfsc similar to this spin adduct (Forrester, 79;
Pryor, 83). The third type of spin adduct (aN = 0.79 mT) 
results from the oxidation of the spin trap, PBN, to PBNOx 
(benzoyl t-butyl nitroxide).
The principal oxygen-centered spin adduct's hfsc vary 
when smoke from different materials is reacted with the 
spin trap. For example, the nitrogen hfsc ranged from 
1.335 mT to 1.370 mT and hydrogen hfsc range from 0.160 mT
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to 0.178 mT when materials are burned in the porcelain pipe 
combustion procedure (Table III-l). Figures III-7A, III- 
8A, and III-9A show representative first derivative ESR 
spectra that are produced when smoke from newsprint, balsa 
wood, and poplar are bubbled through PBN in dodecane, 
respectively. In addition, computer simulations are shown 
in Figures II-7B, III-8B, and III-9B that confirm the 
percent contribution of the different spin adducts to the 
total experimental spectrum (Table III-l).
The principal spin adduct's hfsc also vary when
materials were burned in the form of cigarettes. For 
example, the nitrogen hfsc range from 1.358 mT to 1.361 mT 
and the hydrogen hfsc range from 0.165 mT to 0.177 mT 
(Table III-2). Representative first derivative ESR spectra
(Figures I-10A and I-11A) show the spectra that are
produced when smoke from 1R1 tobacco and cellulose, 
respectively, are bubbled through PBN in dodecane. 
Representative second derivative ESR spectra (Figures I-10B 
and I-11B) that were used to calculate the hfsc of the 
principal spin adducts (Table III-2) are also shown.
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Figure III-7. Representative (A) first derivative ESR 
spectrum produced when gas-phase smoke from burning 
newsprint is bubbled through PBN in dodecane, and (B) a 
computer simulation that matches the experimental spectrum. 
The porcelain-pipe combustion procedure was used.
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Figure III-8. Representative (A) first derivative ESR 
spectrum produced when gas-phase smoke from burning balsa 
wood is bubbled through PBN in dodecane, and (B) a computer 
simulation that matches the experimental spectrum. The 
porcelain-pipe combustion procedure was used.
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Figure III-9. Representative (A) first derivative ESR 
spectrum produced when gas-phase smoke from burning poplar 
is bubbled through PBN in dodecane, and (B) a computer 
simulation that matches the experimental spectrum. The 
porcelain-pipe combustion procedure was used.
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Figure III-lO. Representative (A) first and (B) second 
derivative ESR spectra produced when gas-phase smoke from 
two 1R1 tobacco cigarettes is reacted with PBN in dodecane.
Figure III-ll. Representative (A) first and (B) second 
derivative ESR spectra produced when gas-phase smoke from 
two 1R1 tobacco cigarettes is reacted with PBN in dodecane.
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TABLE III-l. Hyperfine splitting constants (aN and aH) of 
the principal oxygen-centered spin adduct (RO-PBN), percent 
contribution of RO-PBN, R-PBN, and PBNOx to the total ESR 
spectrum, and the total integral area (in arbitrary units) 
of the ESR spectrum produced when the smoke from the listed 
substances is bubbled through 1.0 mL of PBN in dodecane 
(0.04 M ) . Materials were burned in a porcelain pipe 
(Figure III-lA).a
_________RO-PBN__________ R-PBN PBNOX Total
Material aN / aH Percent Percent Percent Area
Wood*3 1.342/0.170 80 13 7 12
Newsprint 1.336/0.161 78 13 9 10
Cellulose 1.335/0.163 83 14 3 9
Yellow Pine 1.340/0.160 81 14 5 7
Poplar 1.340/0.170 80 13 7 6
Birch Plywood 1.338/0.163 73 12 15 4
Cork Board 1.370/0.170 71 11 18 4
Balsa Wood 1.350/0.178 83 14 3 4
1R1 Tobacco 1.359/0.167 85 13 2 2
Blank c none observed 0 0 100 0.3
a) Values in this table were taken from one typical
experiment.
b) WOLMANIZED, pressure treated lumber is a tradename of 
Southern Lumber Co., Inc..
c) Only traces of PBNOx are observed, and no spin adducts 
are formed.
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TABLE III-2. Hyperfine splitting constants (in mT) of the 
principal oxygen-centered spin adduct and the total 
integral area of the ESR spectrum (in arbitrary units) 
produced when the smoke from the listed substances is 
bubbled through 1.0 mL of PBN in dodecane (0.04 M ) . 
Materials were burned as cigarettes (Figure III-1B).
RO-PBN Total
Material___________ aN / aH__________ Area
1R1 Tobacco 1.357/0.178 48
Cellulose 1.360/0.169 41
Poplar 1.353/0.175 13
Yellow Pine 1.362/0.160 8
Birch Plywood9 1.35/0.17 < 53
a) Birch plywood did not spontaneously ignite and low 
spectral intensity resulted.
Oxygen-centered radicals were also the predominate 
radicals spin trapped from tobacco smoke with the 
covalently immobilized spin trap, Si-OPBN. For example, 
the nitrogen and hydrogen hfsc (1.43 mT and 0.22 mT, 
respectively) are similar to those measured for the tert- 
butoxyl-radical spin adduct of HOPBN (1.44 mT and 0.20 mT, 
respectively), which was synthesized by a procedure 
described earlier (Chapter I). Figures 1-12 shows the 
first derivative ESR spectra that is produced when smoke
79
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Figure 111-12. First derivative ESR spectrum produced when 
gas-phase smoke from two 1R1 tobacco cigarettes is reacted 
with Si-OPBN.
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from 1R1 tobacco is reacted with Si-OPBN. The benzene in 
which the Si-OPBN was immersed, contained no spin adducts 
supporting the conclusion that the spin adducts were bound 
to the glass beads. In addition, no ESR spectra were 
observed when the tobacco smoke was eliminated from the 
experiment.
Relative Spin Adducts Intensities
The total area of the ESR spectra changed when 
different materials were burned in a porcelain pipe or as 
cigarettes. In addition, the areas of the individual spin 
adducts that make up the total ESR spectra also varied for 
different materials.
The total area of the ESR spectra varies with material 
burned in the porcelain pipe. For example, almost an order 
of magnitude difference in spectral areas is observed when 
the nine materials were burned: Wolmanized R lumber (12.2), 
newsprint (9.6), cellulose (9.2), yellow pine (6.9), poplar 
(6.3), birch plywood (4.2), cork board (3.7), and 1R1 
tobacco (2.1). Fluctuations in the total areas of the ESR 
spectra also are observed when the five materials are 
burned as cigarettes: 1R1 tobacco (48), cellulose (41), 
poplar (13), yellow pine (8), and birch plywood (<5).
When a blank experiment is performed and the cellulosic 
material is eliminated from the test, no spin adducts were 
observed; however, the small quantities of the spin trap
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were oxidized to PBNOx. The average deviation of the 
spectral area for each material is approximately 60 
percent.
The ratios of the areas of the individual spin adducts 
also vary for different materials (Table III-l). For 
example, the principal oxygen-centered radicals spin 
adducts' (RO-PBN) relative areas range from 71 to 85 
percent of the total spectral areas. The two types of 
carbon-centered radicals spin adducts1 (R-PBN) relative 
areas are small; the combined areas of these two species 
range from 11 to 13 percent of the total spectral areas.
The relative areas of PBNOx range from 2 to 18 percent of 
the total spectral areas.
DISCUSSION
Free radicals are produced in the smoke streams of 
many cellulosic materials when they are burned either in a 
porcelain pipe or in the form of cigarettes. Oxygen- 
centered radicals predominate in both procedures. Although 
an exact structural assignment cannot be made, the oxy- 
radicals give spin adducts with hfsc similar to those 
expected for alkoxyl radicals. Traces of other types of 
radicals were also spin trapped. Finally, the spin trap,
PBN, was oxidized to PBNOx by smoke from the different 
cellulosic material indicating that the smokes are
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oxidizing.
The free radicals produced during combustion or 
pyrolysis have lifetimes much less than one second; these 
radicals quickly react to form non-radical products 
(Carlier, 84; Cullis, 81; Devries, 85; Howard, 84; Miller,
85). In this study, smoke was passed down a glass column 
for ten seconds before it was bubbled through the spin 
trapping solution, and radicals produced during the 
combustion would not reach the spin trap solution.
Therefore, the reactive radicals that were spin trapped 
must have been produced in the smoke stream itself.
Combustion is complex, and many factors influence the 
yields of different combustion products. Changes in the 
combustion technique could affect the concentrations of 
different combustion gases and conceivably the 
concentration of free radicals. For example, the ESR 
spectral intensities for cellulose smoke and yellow pine 
were similar when the materials were burned in a porcelain 
pipe. However, cellulose produced spectra fifty times more 
intense than those from yellow pine when these materials 
were burned in the form of cigarettes.
The exact mechanism responsible for free radical 
production in woodsmoke is unknown. However, metastable 
intermediates similar to those suggested by Pryor et al. 
may be present in woodsmoke (Pryor, 83). The intermediates 
could have decomposed to free radicals but were stable for
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many seconds, since high numbers of radicals were detected 
after the smoke was aged for 10 seconds. In addition, the 
intermediates must be somewhat volatile, since they are not 
trapped in Cambridge filters.
Since the hfsc of the principal spin adduct (RO-PBN) 
changed when three woods were burned by two different 
techniques, the structure of the metastable intermediates 
may have changed. For example, the nitrogen hfsc increased 
when the combustion procedure was changed from the 
porcelain pipe procedure to the cigarette procedure (0.025 
mT for cellulose, 0.028 mT for yellow pine, and 0.013 mT 
for poplar). Changes in the structure of the metastable 
intermediate could have changed the structure of the free 
radicals and the hfsc of the resulting spin adducts.
The hfsc of the principal spin adduct (RO-PBN) was 
unchange when the 1R1 tobacco is burned by either of the 
two techniques. The free radicals produced in 1R1 tobacco 
smoke are believed to form by reactions of NO, NO 2 , and 
olefins in the smoke. I was unable to determine if 
changing the combustion procedure affected the structure of 
the spin trapped radicals.
Spin trapping is a powerful tool to determine what 
radical intermediates are present in a reaction. However, 
the bulk of the research on spin traps has been performed 
in free solution. An earlier study (Bancroft, 80) 
described a spin trap that is covalently bound onto solid
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glass beads (Si-OPBN). Bancroft et al. found that using 
Si-OPBN was only limited utility. When either high 
concentrations of radicals were spin trapped or beads with 
high concentrations of spin trap (30% W/W) were used, 
highly immobilized nitroxyl species resulted that obscured 
the spectrum of the phenyl spin adduct. In addition, 
preparation of the immobilized spin trap is time consuming.
Despite these limitations, Si-PBN was synthesized and 
used in a system of toxicological importance for the first 
time in this study. However, no new information was 
obtained using this method. Therefore, due to the 
limitations described above and the lack of new information 
obtained by using Si-PBN, only smoke from one material, 
tobacco, was reacted with Si-PBN.
In conclusion, this study shows that carbon- and 
oxygen-centered radicals are produced in the smoke from 
many woods. Although the mechanism is yet unknown, these 
reactive radicals may be produced by the decomposition of 
metastable intermediates as was previously suggested by 
Pryor et al. (83).
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CHAPTER IV. SPIN TRAPPING RADICALS FROM AUTOMOBILE EXHAUST
INTRODUCTION
Reactions that involve free radical intermediates are 
commonplace in the Earth's upper atmosphere, and these 
species are generated by a variety of photochemical 
mechanisms (Ember, 8 6 ; Kerr, 72). Free radicals have also 
been detected in smog (Uehara, 73; Levaggi, 73; Baveja;
84), and these species are generated both photochemically 
and by NOx-driven chemistry (Pitts, 75; Atkinson, 84; Fox, 
85; Hemenway, 87). Recently, Atkinson (8 8 ) reviewed the 
atmospheric transformations of automotive emissions; many 
of these processes involve free radical mechanisms.
Recently, Lachocki et al. discovered reactive oxygen- 
and carbon-centered radicals are produced in the smoke from 
burning hydrocarbon polymer (polyethylene) (Lachocki; 8 8 ). 
They proposed, that if these free radicals were inhaled 
they may initiate harmful free radical processes in the 
body. Although automobile fuel is not polymeric, it is 
predominantly composed of hydrocarbons. Consequently, 
carbon- and oxygen-centered free radicals may also be 
present in automobile exhaust, which can be considered as a 
combustion gas.
This chapter presents preliminary results aimed at 
determining if reactive oxygen- or carbon-centered radicals
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can be spin trapped from automobile exhaust. The ESR spin 
trapping technique, which was used to look for radicals, is 
described in Chapter III. In addition, the similarities 
between the free radicals detected in cigarette smoke and 
automobile exhaust are discussed.
MATERIALS AND METHODS
Sources of Materials
The automobiles used were a 1984 Toyota pickup truck 
with a four cylinder 2.4 L overhead cam engine that used 
regular unleaded gasoline and a 1974 Chevrolet Vega with a 
4 cylinder 140 cc engine that used leaded gasoline. Filter 
sticks used were purchased from Ace Glass Inc. (Vineland,
NJ) catalog No. 9436; the filter's dimensions are 10 mm 
disc length, 150 mm length, 7 mm stem OD, 2mm disc 
thickness, 145-175 micron porosity. All other sources and 
purification procedures for the materials used in this 
study are described in Chapter III.
Procedure for Spin Trapping From Exhaust
Two spin trapping procedures were used in this study.
The first involved bubbling automobile exhaust through a 
solution that contains the spin trap, a-phenyl-N-tert-butyl 
nitrone (PBN). The second involved pulling automobile
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exhaust through a column of silica gel on which the spin 
trap, PBN, had been adsorbed. In all experiments, the 
vehicles were idled for two minutes before sampling of 
their exhaust commenced.
In the first procedure, exhaust from the vehicle was 
bubbled through 2.0 mL of PBN in dodecane (0.04 M) in the 
bubbler at a flow rate of 1 or 3 L/min for 1 to 3 min using 
the apparatus shown in Figure IV-1. The exhaust was forced 
through the solution by its own momentum. After the 
exhaust was bubbled through the spin trapping solution, a 
small sample of the solution (0.5 mL) was transferred to a 
standard cylindrical ESR tube. A slow stream of nitrogen 
was passed through (5 min) the solution to remove oxygen.
The deoxygenated solution was analyzed by ESR spectroscopy 
at room temperature within 30 min after sampling commenced. 
Blank experiments were performed where the exhaust was 
eliminated.
In the second procedure, auto exhaust was passed 
through the apparatus shown in Figure IV-2. The exhaust 
was passed over a 0.16 g sample of PBN absorbed on silica 
gel (10% Wt/Wt) for 6 min at a flow of 1 L/min. After 
sampling was completed, the PBN and spin adducts were 
eluted from the silica with CCI4 (3.0 mL). After, the 
eluent was concentrated to 2.0 mL, an aliquot (1.0 mL) was 
transferred to an ESR tube, purged with nitrogen, and 
analyzed by ESR.
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Figure IV-1. Apparatus used to bubble automobile exhaust 
through spin trapping solutions.
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Figure XV-2. Apparatus used to bubble automobile exhaust 
over spin trap absorbed on silica gel.
99
Measurement and Analysis of ESR Spectra
The techniques used to measure and analyze the ESR 
spectra are described in Chapter III.
RESULTS
Spin Trapping in Dodecane.
Exhaust from unleaded and leaded gasoline yielded 
similar ESR spectra. For example, Figure IV-3 shows the 
ESR spectra that result when leaded and unleaded exhaust 
(2L) was bubbled through PBN in dodecane under similar 
experimental conditions.
Relatively simple ESR spectra resulted when auto 
exhaust was bubbled through PBN in dodecane (Figure IV-4). 
The principle spin adduct's hyperfine splitting constants 
(Table IV-1? aN = 1.35 mT and aH = 0.17 mT) are similar to 
the literature values for alkoxyl radical spin adducts of 
PBN (RO-PBN); for example, aN = 1.365 and aH = 0.197 mT 
when RO = n-butoxyl (Appendix A ) . An additional spin 
adduct, which is present in small quantities, has larger 
hfsc (aN = 1.42 mT and aH = 0.35 mT). Due to this spin 
adducts low relative concentration, accurate measurement of 
the hfsc was difficult. However, this spin adduct’s hfsc 
are similar to those that result when carbon-centered
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Table IV-1. Spin-trapping method, hyperfine splitting 
constants, the percent contribution of each signal to the 
total spectrum, and a structural assignment for each spin 
adduct produced when automobile exhausta is reacted with 
PBN.
Method _____ aN/aH fin mT^ % Contribution Assignment
PBN in 1 . 3 5 / 0 . 1 6  8 6  RO-PBN
dodecane 1 . 4 2 / 0 . 3 2  10 R-PBN
0.79 / - 4 PBNOx
PBN on 1 . 3 6 / 0 . 1 7  51 RO-PBN
Silica Gel 1.46 / 0.35 40 R-PBN
0.79 / - 9 PBNOX
a) The automobile used was a 1984 Toyota pick-up truck.
101
A V**1H^]j r
B
I mT 
<  >
Figure IV-3. The ESR spectrum of the spin adducts produced 
by bubbling (A) leaded (2 L) or (B) unleaded automobile 
exhaust (2 L) or (C) air (2 L) through PBN in dodecane.
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Figure IV-4. The ESR spectrum of the spin adducts produced 
by bubbling (A) unleaded automobile exhaust or (B) air 
through PBN in dodecane.
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radicals add to PBN (R-PBN); for example, aN = 1.464 and aH 
= 0.321 mT when R = n-butyl (Appendix A). Finally, a 
signal (aN = 0.79 mT) due to oxidized spin trap, PBNOx, is 
observed. The weak spectrum is observed in the control 
experiment due to trace impurities that form in the spin 
trapping solution.
Computer simulations that matched the experimental 
spectra were used to calculate the relative concentrations 
of the different spin adducts (Table IV-1). When spin 
trapping was performed in dodecane, RO-PBN predominated ( 8 6  
%), R-PBN was present at lower concentrations (10 %), and 
PBNOx was present in the lowest concentration (4 %).
Spin Trapping on Silica Gel
More carbon-centered radicals are trapped when 
unleaded gasoline was passed over PBN on silica gel, and 
the resulting spin adducts were eluted with CCI4 . The 
first-derivative ESR spectrum that results is shown in 
Figure IV-5. Figure IV-6 A shows the second derivative of 
the ESR spectra that result. A computer simulation (Figure 
IV-6 B) was calculated that matches the experimental ESR 
spectrum (Figure IV-5).
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Figure IV-5. The ESR spectrum of the spin adducts produced 
by bubbling (A) unleaded automobile exhaust or (B) air over 
PBN absorbed on silica gel, and spin adducts are eluted 
with CCI4.
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Figure IV-6 . The (A) second derivative ESR spectrum and 
(B) a computer simulation of the ESR spectrum produced when 
unleaded automobile exhaust is reacted with PBN on silica 
gel.
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From the computer simulation, the different spin 
adducts1 relative concentrations were calculated. Like 
spin trapping in dodecane, the signal due to RO-PBN (aN = 
1.36 mT and aH = 0.17 mT) has the highest relative 
concentration (51 %) , and PBNOx is present at the lowest 
relative concentration (9 %) . Unlike spin trapping in 
dodecane, the signal due to R-PBN (aN = 1.42 mT and aH = 
0.32 mT) is present at much higher relative concentrations 
(40 %) when spin trapping was performed on silica gel.
DISCUSSION
This report demonstrates for the first time that 
short-lived carbon- and oxygen-centered free radicals can 
be spin trapped from automobile exhaust. Such radicals 
would not be expected to form if complete combustion occurs 
to yield carbon dioxide and water. However, automobile 
engines run rich in fuel and complete combustion does not 
occur (Barnard, 85).
Analysis of Figure IV-4 shows that predominantly 
oxygen-centered radicals are spin trapped from automobile 
exhaust. Oxygen-centered radicals adducts are expected to 
predominate since molecular oxygen adds to alkyl radicals 
much faster than alkyl-radicals add to spin traps (Schmidt, 
78). Consequently, only small concentrations of alkyl
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radicals are expected to form. This result is consistent 
with previous studies where smoke from cigarettes (Pryor,
84; Church, 85) or a variety of polymers or woods 
(Lachocki, 8 8 ) were reacted with spin traps dissolved in a 
variety of solvents.
Comparison of Figures IV-4 and IV-5 shows that more 
carbon-centered radicals are detected when spin trapping is 
performed on silica gel. Since alkyl radicals react with 
molecular oxygen at diffusion-controlled rates, it is 
surprising to trap alkyl radicals at all. However, this 
result is consistent with a previously published study, 
where mixtures of NOx and isoprene (in air) were reacted 
with PBN on silica gel (Pryor, 84). However, it remains 
unclear why the ratios of alkyl to alkoxyl spin adducts are 
so high when spin trapping is performed on silica gel.
Carbon- and oxygen-centered free radicals have been 
detected in tobacco smoke (Pryor, 76; Pryor, 83;). The 
free radicals in tobacco smoke are thought to be produced 
by reactions of nitric oxide (NO), nitrogen dioxide (NO2 ), 
and olefins in cigarette smoke. Similar to cigarette 
smoke, automobile exhaust contains NO, NO 2 , and olefins. 
Consequently, the radicals in automobile exhaust may arise 
from an NOx mediated process.
In conclusion, reactive carbon- and oxygen-centered 
free radicals are spin trapped from automobile exhaust.
The mechanism of formation of these radical may be NOx
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mediated. However, before mechanisms can be assigned 
conclusively, a more thorough study should be performed 
where the different compounds in the exhaust are monitored.
In addition, it would be useful if future studies analyzed 
different engine types under a variety of running 
conditions, since the Biodynamics Institute does not have 
such capabilities, a collaboration with other groups may be 
neccessary.
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CHAPTER V . OXIDATIVE PYROLYSIS OF PERFLUOROPOLYMERS: 
AN ESR SPIN TRAPPING STUDY
INTRODUCTION
Several studies have investigated the cause of animal 
toxicity resulting from exposure to the oxidative pyrolysis 
products from polytetrafluoroethylene (PTFE) or 
tetrafluoroethylene-hexafluoropropylene copolymer (FEP) 
(Waritz, 6 8 ; Blandford, 75; Arito, 77; Dwiggins, 81; Levin, 
82; Hilado, 79; Lucia, 78; Wells, 82). The oxidative 
pyrolysis products (smoke) from these two perfluoropolymers 
(PFP) are lethal to test animals at very low 
concentrations. Pulmonary edema has resulted in some cases 
when humans were exposed (Robbins, 64; Evans, 73; Brubaker, 
77), but human mortality is rare (Auclair, 83; Williams,
87). More commonly, man develops short-term symptoms 
(chest pains, shortness of breath, cough, and chills) that 
are collectively called polymer-fume fever (Lewis, 65; 
Milby, 6 8 ).
The cause of animal toxicity in small scale toxicity 
tests by PFP's pyrolysis products is unclear (MacFarland, 
6 8 ; Coleman, 6 8 a; Williams, 83,84,87; Alarie, 84; Birky,
84; Kaplan, 84). Although several toxic compounds are 
present in PFP smoke, studies have shown that these
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compounds are not present in high enough concentrations to 
explain the high mortality rates in animals (Waritz, 6 8 ; 
Kaplan, 84; Waritz, 75). Compelling evidence implicates 
particulate matter in PFP toxicity. In addition, some 
evidence suggests that reactive free radicals may 
contribute to the toxicity caused by PFP smoke.
Particulate matter, formed during oxidative pyrolysis 
of PFP, appears to contribute to animal toxicity (Clayton,
59; Coleman, 6 8 b; Waritz, 6 8 ; Lee, 76; Carton, 78). For 
example, Waritz and Kwon showed that rat mortality was 
eliminated when filters (0.2, 0.22, and 0.25 micron pore 
sizes) were inserted between the pyrolysis tube and the 
animal exposure chamber; they also showed that the amount 
of hydrolyzable fluoride, hexafluoropropylene, 
perfluoroisobutylene, and octafluorocyclobutane were not 
reduced by filtration. Lee et al. confirmed these results; 
they inserted 0 . 2  micron filters between the pyrolysis tube 
and the animal exposure chamber and no rat mortality was 
observed (Lee, 76). Under similar conditions without 
filters, five, seven, and eight out of eight rats died in 
three separate trials (Lee, 76). These results supported 
the conclusion that particulate matter contributes to rat 
toxicity.
Some evidence suggests that free radicals may also 
contribute to animal toxicity. The NBS toxicity test 
protocol (Levin, 82) requires the cup furnace, used to
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oxidatively pyrolyze the material, to remain in contact 
with the animal exposure chamber for thirty minutes.
Removal of the cup furnace after one minute resulted in 
approximate lethal concentrations 500 times lower than when 
the cup remained in the exposure chamber for the entire 
thirty minute test (Williams, 87), suggesting that 
decomposition products become more toxic when they come in 
contact with a hot surface. Free radicals could be formed 
when PFP smoke contacts the hot furnace and these radicals 
may contribute to animal toxicity.
This chapter reports the use of the spin trapping 
technique to study the radicals produced when PFPs and some 
low molecular weight perfluorocompounds (PFC) are 
oxidatively pyrolyzed. Spin adducts are detected and the 
mechanism by which they could be produced is discussed.
MATERIALS AND METHODS
Source and Purification of Materials
Dodecane (99+ %) and Toluene (99+ %) from Aldrich 
(Milwaukee, WI), carbon tetrachloride (99.9 %), 
hydrochloric acid, and hydrofluoric acid from J.T. Baker,
Chem Co. (Phillipsburg, NJ), hexane (99.9 %) from 
Mallinckrodt (Paris, KY), bis(trifluoromethyl) peroxide 
(TFMP), chloropentafluoroethane, and hexafluoroethane from 
SCM Specialty Chemicals (Gainesville, FL), 1,1,2-
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trichlorotrifluoroethane from Matheson Gas Products (La 
Porte, TX), and bromotrichloromethane from Eastman Kodak 
(Rochester, NY) were used as obtained. According to the 
manufacturer, F 2 C= 0  from SCM Specialty Chemicals contains 
less than 1% of C1FC=0 (lot # 6614 contained 0.24% C1FC=0). 
a-Phenyl-N-tert-buty1 nitrone (PBN) from Eastman Kodak 
(Rochester, NY) and 2,2,5,5-tetramethylpyrroline-N-oxide 
(Me4 P0) from Aldrich (Milwaukee, WI) were recrystallized 
from hexane and pentane, respectively, until no 
paramagnetic impurities were present.
Virgin PTFE (HL #15,037) from Enflo Corp. (Bristol,
CN) and TEFLON* FEP 100 fluoropolymer resin (which is a 
tetrafluoroethylene-hexafluoropropylene copolymer) from 
duPont (Wilmington, DE) were donated by duPont’s Polymer 
Products Department. An Airchek sampling pump from SKC 
Inc. (Eighty Four, PA) was used to draw samples from the 
NBS chamber through a spin trapping solution. Bubblers (25 
mL midget impinger) were purchased from Ace Glass 
(Vineland, NJ). Standard Samox heating tapes (1 x 24 in) 
were purchased from Thermolyne Corp. (Dubuque, IA). 
Thermocouples were obtained from Omega (Stamford, CT).
Pvrolvsis Procedures
Materials were pyrolyzed by two procedures in this 
study. In the first procedure, the PFPs were pyrolyzed in
* DuPont registered trademark
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a quartz tube (20 cm x 1 cm OD) wrapped with an electric 
heating tape (Figure V-l); the decomposition products were 
passed down a column of variable length and volume (3 mL to 
208 mL), through a second heated quartz tube with 
dimensions similar to the first heated quartz tube, then 
through a spin trapping solution. In some cases, the 
second quartz tube was eliminated. In the second 
procedure, the perfluoropolymer was pyrolyzed in a 
THERMCRAFT* Furnace in a chamber (Figure V-2 and V-3) 
similar to that used in the National Bureau of Standards 
(NBS) Toxicity Test Protocol (Levin, 82).
Dual Pvrolvsis Procedure
In a typical experiment with the dual-pyrolysis 
apparatus, a voltage transformer was turned-on to heat the 
primary and secondary pyrolysis tubes to a predetermined 
temperature. Throughout this report, the temperatures of 
the primary and secondary pyrolysis tubes were measured by 
placing a thermocouple between the heating coil and the 
quartz tube while air was drawn through the quartz tube at 
500 mL/min; typically, the temperature inside the quartz 
tube ranged from 25 to 75 °C below the reading outside.
* Thermcraft registered trademark.
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After the tube temperatures equilibrated, a small 
sample (between 18 and 60 mg) of PFP was placed 
approximately 7 cm into the primary pyrolysis tube placing 
the polymer in the opening to the pyrolysis tube and then 
quickly pushing the polymer into the center of the 
pyrolysis tube with a glass rod. Concomitantly, air was 
drawn through the apparatus by a vacuum aspirator (500 
mL/min) to support oxidative pyrolysis and to carry away 
decomposition products. Unless otherwise noted, the 
residence times in the primary pyrolysis tube, between the 
pyrolysis tubes, in the secondary pyrolysis tube, and 
between the second pyrolysis tube and the spin trapping 
solution were approximately 1.0, 2.0, 1.0 and 0.5 seconds, 
respectively. Within four minutes, most experiments were 
stopped after two minutes (polymer was usually gone within 
1 to 2 minutes), the air flow through the spin trapping 
solution (0.04 M) was stopped, and an aliquot of the 
resulting solution (0.8 mL) was transferred to a standard 
cylindrical ESR tube. After a slow stream of nitrogen was 
passed through the solution for 2 minutes, the ESR spectrum 
was immediately measured since some of the nitroxides were 
stable for less than 30 min.
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Variations of the Pual-Pvrolvsis Procedure
Several features of the dual-pyrolysis apparatus were 
varied and the effect on spin adducts was determined.
First, dual-pyrolysis experiments were compared to single 
pyrolysis experiments. Second, the temperatures of the 
primary and secondary pyrolysis tubes were varied. Third, 
the column length after the second pyrolysis tube and 
between the pyrolysis tubes were varied. Fourth, 
decomposition products were bubbled through pure solvent; 
after a short "delay" time, a spin trap solution was then 
added to the solvent. Fifth, the spin traps themselves and 
the spin trapping solvents were changed. Sixth, the 
pyrolyses were performed in the absence of oxygen.
Seventh, filters with different average pore sizes were 
inserted between the pyrolysis tubes to remove particulate 
matter that results during oxidative pyrolysis of 
perfluoropolymers.
Dual- Versus Sinale-Pvrolvsis Experiments
The same procedure was followed in single- and dual­
pyrolysis experiments, but the secondary pyrolysis tube was 
removed. The residence time between the pyrolysis tube and 
the spin trapping solution was about 0.5 seconds at a flow 
rate of 500 mL/min.
122
Variations of Pvrolvsis Tube Temperatures
The temperature of the primary pyrolysis tubes was 
varied from 605 to 660 °C, and the temperature of the 
secondary pyrolysis tube was varied from 25 to 665 °C while 
air was flowing through at 500 mL/min. The pyrolysis- 
tube temperatures were calibrated to voltage settings by 
placing a thermocouple between the heating coil and the 
quartz tube and recording the temperatures produced over a 
series of voltage transformer settings.
Measuring the temperature in this way, PTFE and FEP ignited 
at 690 ± 15°C and 710 ± 15 °C, respectively.
Variation of Column Volumes
Dual-pyrolysis experiment were performed where the 
column lengths between the primary and secondary pyrolysis 
tubes and between the secondary pyrolysis tube and the spin 
trapping solution were varied. Different column volumes 
changed the times the decomposition products resided in the 
column (i.e. residence times). Baffled columns were used 
to reduce laminar flow and make column volume divided by 
the flow rate more representative of the residence time.
The residence times between the pyrolysis tubes were varied 
from 0 to 20 seconds, and the residence times between the 
second pyrolysis tube and the spin trapping solution were 
varied from 0.4 to almost 3 0 seconds.
123
Procedure for Delay Addition of Spin Trap
The PFP decomposition products were bubbled through 
3.0 mL of pure solvent as described in the typical 
experimental procedure above. The solvent and the 
dissolved decomposition products were then held for a 
"delay time" before being added to 3.0 mL of a PBN solution 
(0.08 M) in the same solvent. A sample of the resulting 
solution was purged with a slow stream of nitrogen for 5 
minutes, and the ESR spectrum was measured within 12 
minutes after the two solutions are mixed.
Variation of Spin Traps and Spin Trapping Solvents
Spin traps and spin trapping solvents were changed to 
determine the effect of these two variables on the spin 
adducts observed. Two spin traps (PBN and Me 4 PO) and 
several solvents (benzene, bromotrichloromethane, carbon 
tetrachloride, dodecane, hexane, toluene, and 1 ,1 ,2 - 
trichlorotrifluoroethane) were used in this study.
In addition, the spin trapping was performed in 
solvents that contained some added HF and HC1. To make 
these solutions, benzene was washed with the concentrated 
acid. The benzene fraction was separated and added to a 
pre-weighted sample of PBN to yield a 0.04 M solution.
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Pvrolvsis in the Absence of Oxygen
FEP samples were pyrolyzed when oxygen was absent in 
the dual-pyrolysis apparatus. In these experiments, the 
FEP was placed in the primary pyrolysis tube before the 
tubes were heated to 605 and 580 °C within 3 minutes (25,
350, 550, and 605 °C at 0, 1, 2, and 3 min, respectively). 
Throughout the heating process, nitrogen was passed through 
the apparatus (500 mL/min). After all of the 
perfluoropolymer decomposed and allowed to bubble through 
the spin trapping solution, a sample of the spin trapping 
solution was transferred to an ESR tube, purged with 
nitrogen, and analyzed by ESR.
Filtration of Particulate Matter Between Pvrolvsis Tubes
A pyrex Cambridge filter holder (47 mm diameter) was 
inserted between the pyrolysis tubes of the dual-pyrolysis 
apparatus (Figure V-l). Filters with different pore sizes 
were placed in the filter holder before dual-pyrolysis 
experiments were performed to remove different-sized 
particulate matter prior to the secondary pyrolysis.
Filters with different pore sizes were used: Cambridge
glass-fiber filters (0.1 micron) from the University of 
Kentucky Tobacco and Health Research Institute, Fluoropore 
filters (0.2 micron) from Millipore (Bedford, MA), 
polycarbonate capillary pore membranes (1 . 0  micron) from 
Nucleopore (Pleasanton, CA), and cellulosic filters (11
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micron) from Whatman (England). The effect of different 
filter material was not considered. The remainder of the 
procedure is identical to that described in the dual- 
pyrolysis procedure.
NBS Pvrolvsis Procedure
The second apparatus (Figure V-2 and V-3) used to 
study PTFE and FEP was similar to that used in the NBS 
protocol (Levin, 82). Samples were oxidatively pyrolyzed 
in separate experiments both 25 degrees centigrade above 
and 25 degrees centigrade below the perfluoropolymer's 
autoignition temperatures. A modified NBS chamber that 
does not contain animal exposure ports was constructed 
(Olivier Pouring Co., Baton Rouge, LA) from 1/4 in 
polymethylmethacrylate (Plexiglas G*; Rohm and Haas,
Dallas, TX). A stainless-steel sliding door was installed 
beneath the chamber (Figure V-4) so the furnace could be 
removed from the chamber while minimizing loss from the 
chamber environment; this modification allow the 
investigation of the effect the hot furnace has on the free 
radical chemistry in the chamber.
* Rohm and Haas registered trademark.
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Figure V-4. Schematic of a sliding door to be mounted on 
the bottom of an NBS chamber.
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In a typical experiment using the NBS protocol, a 
small quantity of the perfluoropolymer (0.04 to 0.2 0 g) was 
placed near the center of the preheated quartz cup within 
the furnace, the door to the chamber (194 L) was quickly 
closed; although the thermocouple, which was mounted at the 
side of the furnace, read 700 °C, the temperature near the 
center of the cup was between 25 and 75 °C lower. As the 
pyrolysis took place, the chamber atmosphere was sampled 
through a bubbler that contained the spin trapping solution 
(500 mL/min). The bubbler was mounted within the chamber 
approximately 18 " from the furnace and 4 11 from the front 
wall; this was about where the second rat would be exposed 
in an actual animal toxicity test (Levin, 82). The bubbler 
was connected via tygon tubing to a pump mounted outside of 
the chamber. The amount of polymer, the spin trapping 
solvent, the pump's flow rate, and the sampling time were 
varied. After the flow through the spin trapping solution 
(0.04 M) was stopped, an aliquot (0.5 mL) was transferred 
to a standard cylindrical ESR tube. After, a slow stream 
of nitrogen was passed through the solution for 2 to 5 
minutes, the ESR spectrum was recorded.
Measurement and Analysis of ESR spectra
Spectra were obtained using either an IBM model 100D 
or a 200D ESR spectrometer equipped with an ASPECT 2000 
data system. In most experiments, the microwave power was
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20 xnW, the modulation amplitude was 0.04 mT, the modulation 
frequency was 100 KHz, the receiver gain ranged from 1 x 
105 to 1 x 106 , the center field = 347.80 mT and the 
spectral frequency was 9.75 GHz. A 0.5 s time constant was 
used with a 500 s scan time and a 10.0 or 15.0 mT scan 
range. In some cases, several scans were accumulated where 
a 0 . 2  second time constant and either 1 0 0  or 2 0 0  second 
scan times were used.
The experimental first derivative spectra were 
digitally converted to second derivative spectra and were 
used to determine peak locations for the calculation of 
hyperfine splitting constants. In addition, second 
derivatives of experimental spectra and computer-generated 
stick simulations were compared to confirm peak 
assignments.
Synthesis of Tetrafluoroethvlene (TFE)
The apparatus shown in Figure V-5 was used to 
synthesize tetrafluoroethylene by a vacuum pyrolysis 
(Kostov, 83). A small sample of PTFE was placed in the 
quartz side arm wrapped with a heating tape and the bubbler 
was replaced with a plug. After the entire system was 
placed under reduced pressure (7 to 12 mm Hg) and the 
condenser was placed in a liquid nitrogen bath, the heating 
coil was rapidly heated (25, 600, 750, and 750 °C at time =
0, 1, 2, and 3 minutes, respectively). Throughout the
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heating process, the valves to the condenser were open.
After three minutes, the valves to the condenser were 
closed and the heat was turned off. A snowy white solid 
was observed to form beneath the liquid nitrogen level 
within the condenser.
To identify the decomposition products, the quartz 
tube was replaced with a tube sealed with a rubber septum.
The air in the side arm was purged with nitrogen then 
evacuated with a vacuum (1 to 3 mm Hg). As the condenser 
was removed from the liquid nitrogen and allowed to warm to 
room temperature, the valve to the side arm was opened and 
a sample was withdrawn with a gas-tight syringe and 
injected into a 20 cm evacuated quartz IR cell. This 
procedure was repeated three times and the representative 
infrared spectrum (Figure V- 6 ), which was measured with an 
IBM IR—44 FT-IR spectrometer, matches the published 
spectrum (Sadtler).
Oxidative Pvrolvsis of Model Compounds
A series of low molecular weight perfluorocompounds 
were oxidatively pyrolyzed to investigate the source of the 
spin adducts produced by perfluoropolymer pyrolysis, 
bis(trifluoromethyl) peroxide, carbonyl fluoride, 
chloropentafluoroethane, hexafluoroethane, and 
tetrafluoroethylene were tested.
Condenser f i t te d  
Vacuum Valves
( \
Q u ar tz  Tube
Heating Coil
Liquid Nitrogen  
B a th
Bubbler
Variac
Figure V-5. Apparatus used to oxidatively pyrolyze low 
molecular weight perfluorocompounds. By replacing the 
bubbler with a plug this apparatus was used to synthesize 
tetrafluoroethylene.
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In a typical experiment, a small sample of the 
perfluorocompound to be tested was trapped in a condenser 
(Figure V-5). Care was taken to use samples of less than 
20 mg since exposure of these materials to high 
temperatures could result in violent explosions! 
Fortunately, no such explosions were observed. To the 
condenser was mounted a quartz pyrolysis tube and a bubbler 
that contained 2.0 mL of PBN in benzene (0.04 M ) . As the 
liquid nitrogen bath was lowered from beneath the 
condenser, the valves to the condenser were opened. Air 
was then drawn through the apparatus (500 mL/min) to carry 
the evaporating perfluorocompound through the heated quartz 
tube (600 °C) and the spin trapping solution; the residence 
time between the hot quartz tube and the spin trapping 
solution was approximately 0.5 s. Some materials were 
oxidatively pyrolyzed at both 400 °C and 600 °C. In 
addition, mixtures of TFE and F2 C= 0  were oxidatively 
pyrolyzed at both temperatures. The resulting spin 
trapping solution's ESR spectra were measured.
Analysis of the White Precipitate Formed in the Spin
Trapping Solution 
19F-NMR, H-NMR, and FT-IR analysis were performed on 
the white precipitate (ppt) that forms in the spin trapping 
solution when PFP smoke is reacted with PBN in organic
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solvents; similar analyses were performed on the decantate.
The white ppt that was observed in a typical
experiment was centrifuged and decanted from the liquid.
From 20 mg of FEP about 5 to 12 mg of ppt forms. The ppt
was washed with 2.0 mL of benzene to insure complete
dissolution of any residual PBN, and the decantates were
combined. After the ppt was dried and dissolved in 1.0 mL
19of acetone, the F-NMR spectrum was measured (Figures V-7) 
using a Bruker 100 MHz NMR spectrometer; chemical shifts 
were calibrated to an external standard of neat CFC13 (5 =
0.0 ppm). Only traces of fluorine-containing compounds 
were observed in the decantate. Solutions that contained 
the ppt, the decantate, and pure PBN were spotted on an 
NaCl disks and the IR spectra were recorded (Figures V- 8 ,
V—9, V-10, respectively).
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Figure V-7. Fluorine-NMR spectrum of the white 
precipitate formed when the oxidative pyrolysis products 
from FEP are reacted with PBN in benzene.
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Figure V- 8 . Infrared spectrum of the white precipitate 
formed when the oxidative pyrolysis products from FEP are 
reacted with PBN in benzene.
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Figure V-9. Infrared spectrum of the involatile components 
present in the spin trapping solutions decantate after the 
oxidative pyrolysis products from FEP are reacted with PBN.
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Figure V-10. Infrared spectrum of PBN.
RESULTS
In previous experiments with a single-pyrolysis zone, 
free radicals were not detected in FEP smoke [These 
negative results, which are reported in the Chapter I of 
this dissertation, have been published in Environ. Res. 
(Lachocki, 8 8 b).] Because of the observation at duPont by 
Williams et al. suggesting that toxic products are formed 
when a furnace remains in contact with the PFP smoke 
(Williams, 87), a dual-pyrolysis apparatus was designed and 
constructed to allow smoke to be reheated in a second 
pyrolysis zone. In the new apparatus (Figure V-l), free 
radicals are detected from FEP and PTFE.
After discovering that a dual-pyrolysis process gave 
radicals from FEP, we reexamined our failure to detect free 
radicals from a single-pyrolysis apparatus. Free radicals 
can now be spin trapped from the smoke of FEP and PTFE in a 
single- as well as a dual-pyrolysis apparatus by replacing 
the dodecane solvent with a solvent we have used 
previously, benzene. In addition, by shortening the 
residence time between the hot zone and the spin trapping 
solution, we can detect radicals in a variety of solvents.
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Variation of the Number and Temperature of Pvrolvsis Tubes 
The effect of the second pyrolysis tube on the spin 
trapping results was investigated. Similar spin trap 
results are obtained when either FEP or PTFE is oxidatively 
pyrolyzed in either a single- or a dual-pyrolysis apparatus 
and the decomposition products are bubbled through the spin 
trapping solution. Although the ESR signal intensity is 
greater with two hot zones, the different signals that 
contribute to the total spectrum are present using one or 
two hot zones. Similar ESR spectra are observed when the 
primary pyrolysis tube temperature is either 610 + 1 5  °C or 
660 + 15 °C. The ESR spectra are most intense when the 
secondary pyrolysis tube temperature is between 400 and 600 
°C.
Identification of Spin Adducts as a Function of Solvent 
Different spin adducts are observed when spin 
trapping with PBN is performed in different solvents (see 
Discussion). Table V-l summarizes the nitrogen (aN), the 
fluorine (aF), the hydrogen (aH), and the chlorine (aCl) 
hyperfine splitting constants of the spin adducts produced 
in each of the solvents tested, and in some cases 
structural assignments of the spectra are made.
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Spin Trapping in Aromatic Solvents
Spin trapping in benzene, tert-butyl benzene, and 
toluene yields ESR spectra different than those observed in 
the nonaromatic solvents. PTFE and FEP yield ESR spectra 
with similar absorbencies when their smoke is reacted with 
PBN in benzene. The lines due to each of the signals from 
PTFE or FEP smoke are pointed out (Figures V-ll and V-12).
The intensities of the different species vary with the 
oxidative pyrolysis conditions. The hfsc of the different 
spin adducts are summarized in Table V-l. Due to the 
complexity of these ESR spectra from PTFE and FEP, computer 
simulations were calculated and the second derivatives of 
the computer simulations (Figures V-13A and V-14A) were 
compared to the second derivatives of the experimental 
spectra (Figures V-13B and V-14B). The close match between 
these simulations and the experimental spectra support the 
hfsc and relative concentrations summarized in Table V-l.
The first spin adduct's hfsc (aN =1.24 G, aH = 0.12 
G, and aF = 4.60 mT) are similar to those reported in the 
literature for the fluorine-atom spin adduct of PBN, F-PBN 
(aN = 1.21, aH = 0.118, and aF = 4.54 mT; Tyurikov, 72).
This spin adduct has a unique spectrum due to its large 
fluorine coupling constant.
Table V-l. Hyperfine splitting constants {in mT), and structural assignments® of the 
spin adducts observed in the ESR spectra when the FEP smoke is reacted with PBN in the 
listed solvents.
Solvent aN aF aH
Spectral 
Area (%)a Assignment
Benzene (PTFE) 1.24 4.59 0.12 40 F-PBN
(Figure V-ll) 1.24 - 0.08 5 Cl-PBN b
1.327 - 0.150 30 fRO-PBN
0.79 - - 25 PBNOx
Benzene c 1.24 4.60 0.12 15 F-PBN
(Figure V-12) 1.24 - 0.075 30 Cl-PBN b
1.33 - 0.15 <15 fRO-PBN
0.79 - - 40 PBNOx
Dodecane d 1.35 - 0.170 70 RO-PBN e
(Figure V-15) 0.79 - - 30 PBNOx
CBrCl3 1.40 - 0.155 40 CI3C-PBN
(Figure V-16) 0.8 - - 60 PBNOx
cfc i2ccif2 1.318 - 0.146 70 fRO-PBN :
(Figure YdL7J .... 0.79 - - . . . .30..... PBNOx
a) Relative spectral area (±5%) of the different spin adducts shown in the respective 
figures. However, these areas varied to a greater extent in different experiments.
b) Chlorine-35 (75.4%) and 37 (24.6%); aCl35 = 0.61 mT and aCl37 = 0.48 mT
c) Similar results are observed in toluene and tert-butyl benzene.
d) Similar results are observed in hexane.
e) RO-PBN is a non-fluorinated alkoxyl spin adduct;
fRO-PBN is a per-fluorinated alkoxyl spin adduct; F-PBN is the fluorine atom spin 
adduct; PBNOx is oxidized spin trap; Cl-PBN is the chlorine adduct of PBN.
f) Solvent derived peroxyl radical spin adduct can not be ruled out. 141
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Figure V-ll. The second-derivative ESR spectrum observed 
when the oxidative pyrolsyis products from PTFE are reacted 
with PBN in benzene. The different signals are pointed 
out.
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Figure V- 1 2 . The second-derivative ESR spectrum observed
when the oxidative pyrolysis products from FEP are reacted
with PBN in benzene. The different signals are pointed out.
The second spin adduct's hfsc (aN = 1.24, aH = 0.75,
35 37aCl = 0.62, and aCl = 0.5 mT) are similar to those
reported in the literature for the chlorine-atom adduct of
PBN, Cl-PBN (Janzen, 80; Symons, 82; Rehorek, 84;
Cheeseman, 85; Davies, 8 6 ; Halpern, 87). The chlorine-
atom spin adduct has a unique spectrum due to the
multiplicity (I =3/2), the coupling constants (0.62 and
0.48 mT), and the relative concentrations (75% to 25%) of
35 37the chlorine atom isomers ( Cl and Cl, respectively).
The third spin adduct's hfsc (aN = 1.33 and aH = 0.15 
mT) may be due to a perfluoroalkoxyl-radical spin adduct 
(fRO-PBN). There has been only one reported case (Alberti 
83) where perfluoroalkoxyl radicals were spin trapped; the 
spin trap, Me 4 P0 , was used. Their spin adduct due to the 
trifluoromethoxyl radical had nitrogen hfsc (aN = 1.217 mT 
Alberti, 83) lower than those for the tert-butoxyl radical 
spin adduct (aN = 1.331 mT; Janzen, 81) but greater than 
those for the fluorine-atom spin adduct (aN = 1.14 0 mT; 
Alberti, 83); this trend is expected since aN is inversely 
related to the electronegativity of the adding radical 
(Janzen, 82). The data on the third spin adduct (fRO-PBN) 
follows a similar trend. For example, aN for the spin 
adduct assigned as fRO-PBN (aN = 1.33 mT) is lower than 
those for most typical alkoxyl-radical spin adducts (Bluhm1 
72; Buettner, 87; Forrester, 79; Appendix A) but greater 
than those for
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Figure V-13. Comparison of the (A) computer simulation 
that was calculated using the data in Table V-l and the (B) 
second-derivative ESR spectrum produced when the oxidative 
pyrolysis products from PTFE are reacted with PBN in 
benzene.
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Figure V-14. Comparison of the (A) computer simulation 
that was calculated using the data in Table v - l  and the (B) 
second-derivative ESR spectrum produced when the oxidative 
pyrolysis products from FEP are reacted with PBN in 
benzene.
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the fluorine-atom spin adduct of PBN (aN = 1.21 mT; Janzen, 
70). Additional support for this assignment is presented 
in the Discussion of this chapter.
The fourth signal is a prominent triplet (aN = 0.795 
mT) due to an oxidation product of PBN (Buettner, 87), 
benzoyl tert-butyl nitroxide (PBNOx), indicating that an 
oxidant is present in PFP smoke.
Although care was taken to reproduce pyrolysis 
conditions and to measure all spectra within ten minutes 
from when oxidative pyrolysis commenced, the relative 
concentrations of these four nitroxides fluctuated. Since 
the spin adducts are unstable and decay at different rates, 
the relative concentrations of the different spin adducts
are expected to change with time. For example, the signal
due to F-PBN quickly decays and is no longer visible after
about 45 minutes. Cl-PBN decays even faster. The fRO-PBN 
is more stable, but disappears within 2 hours. The signal 
due to PBNOx increases in intensity for approximately 10 
minutes then decays and disappears within 2 hours 
(Nugehalli, 8 8 ), suggesting that this compound is a 
secondary product.
Protic acids may add to the spin trap by a non-radical 
mechanism and subsequent oxidation by hot air could result 
in the formation of F-PBN and/or Cl-PBN. A control 
experiment with spin trapping solutions made with benzene 
washed with HF and HC1 and then exposed to hot air shows no
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spin adducts, ruling out nucleophilic addition of HF or HC1 
followed by oxidation as the source of F-PBN or Cl-PBN, 
respectively.
An FT-IR analysis was unable to conclusively show that 
the protic acids added to the spin trap supporting the 
previous conclusion that protic acids do not add to the 
spin trap. For example, when spin trapping solutions are 
compared to those containing added acid, no significant
- 1increases in the nitroxide absorbencies (1340 to 1380 cm ; 
Aurich, 82) at the expense of the nitrone absorbencies 
(1570 to 1590 cm 1 and 1170 to 1280 cm 1 ; Delpierre, 65) 
are observed.
The radicals detected in this study are not observed 
in the absence of the spin trap. Some perfluoro radicals 
have been shown to be stable under ambient conditions. For 
example, Scherer et al. (85) synthesized sterically 
hindered perfluoroalkyl radicals that are stable to 
disproportionation and dimerization at high concentrations 
(3 M ) , as well as, oxygen, chlorine, bromine, iodine, and 
aqueous acids and bases. Similarly, Goldanskii and 
Barkalov, radiolyzed liquid perfluorocarbons to yield 
radicals that are stable in solution for greater than 1 0 0  
days at 300 °C. Furthermore, Allayarov et al. (8 6 ). formed 
long-lived perfluoroalkyl radicals during the fluorination 
of liquid hydrocarbons. In addition, end-chain and mid­
chain peroxyl radicals that are bound to polymeric chains
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are also stable under ambient conditions (Suryanarayana,
82; Schlick, 83? Chamulitrat, 8 6 ). Using the ESR 
conditions described in the Experimental section of this 
chapter, none of these stable radicals are observed.
Spin Adducts in Other Solvents
Although radicals were not trapped in aliphatic 
hydrocarbon solvents in previous reports (Lachocki, 87,
8 8 a, 8 8 b), free radicals can be trapped by minimizing the 
residence time between the last (or only) pyrolysis tube 
and the spin trapping solution. When aliphatic 
hydrocarbons are used as the spin trapping solvent, (Figure 
V-l5 for dodecane), the first three spin adducts observed 
in aromatic solvents (F-PBN, Cl-PBN, and fRO-PBN) are 
absent. The spin adducts present in these spectra have 
hfsc (aN = 13.47 G; aH = 1.71 G for dodecane; aN = 13.54 G 
and aH = 1.68 G for hexane) similar to literature values 
for non-fluorinated oxygen-centered radicals, RO-PBN 
(Forrester, 79; Buettner, 87; Appendix A); spin trapping in 
hexane resulted in similar spectra. PBNOx is also formed 
in hydrocarbon solvents.
Spin trapping in halocarbon solvents result in ESR 
spectra different than those in the aromatic solvents. F- 
PBN and Cl-PBN are not observed in either
bromotrichloromethane, which is a bromochlorocarbon (BCC), 
or 1,1,2-trichlorotrifluoroethane (FCC) (Figures V-16 and
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V—17) implying that the halocarbon solvents, like the 
hydrocarbon solvents, are competing with the spin trap for 
the fluorine and chlorine atoms.
Some new spin adducts are observed in the halocarbon 
solvents. The spin adducts formed in BCC have hfsc (aN =
1.40 and aH = 0.155 mT; Figure V-16) similar to those of 
the trichloromethyl radical spin adduct (aN = 1.40 and aH = 
0.17 mT; Janzen, 82). This result implies that bromine is 
being abstracted from the solvent and solvent radicals are 
adding to the spin trap. In addition, a strong signal due 
to PBNOx is observed in the halocarbon solvents. The spin 
adducts present in FCC have hfsc (aN = 1.318 and aH = 0.146 
mT for FCC) that are slightly lower than those of fRO-PBN, 
which is observed in benzene. Consequently, these spin 
adducts may result from either solvent derived oxygen- 
centered radicals (aN = 1.35 and aH = 0.16 mT for C13 C00- 
PBN; Symons, 82) or from species similar to those observed 
in benzene (fRO-PBN).
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Figure V-15. The ESR spectra observed when the oxidative 
pyrolysis products from (A) FEP or (B) air are reacted 
with PBN in dodecane. The weak spectrum in B resulted 
from residual FEP in the pyrolysis tube.
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Figure V-16. The ESR spectra observed when the oxidative 
pyrolysis products from (A) FEP or (B) air are reacted with 
PBN in bromotrichloromethane.
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Figure V-17. The ESR spectra observed when the oxidative 
pyrolysis products from (A) FEP or (B) air are reacted with 
PBN in 1,1,2-trichlorotrifluoroethane.
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Analysis of the White Precipitate Formed in the Spin 
Trapping Solution
When spin trapping from perfluoropolymer smoke is 
carried out in dodecane, a white precipitate (ppt) forms. 
This ppt was observed in the previous study (Chapter I), 
although spin adducts were not. In addition, this ppt is 
observed in some of this study's experiments when spin 
adducts were absent. Consequently, it was tentatively, but 
incorrectly, concluded that this ppt was not involved in 
spin adduct formation.
The ppt melted over a broad range (110 to 13 0 °C) at 
temperatures much higher than PBN (74 to 75 °C); the ppt's 
melting point increases with successive washes with
T Q
benzene. The major peak (94 %) in the F-NMR spectrum (6
= -135 ppm) and the IR spectrum (719.5 cm indicate the
presence of many -CF2 - groups (English, 79; Wray, 82) and
the absence of PBN or PBN derivatives in the ppt (Figures
V—7 and V- 8 , respectively) indicate a polymer of unknown
molecular weight is present in the spin trapping solution.
1
The H-NMR contained only traces of PBN based on the high
relative intensity of the CHCI3 peak which is a trace
impurity in deuterated chloroform. Two small peaks in the 
19
F-NMR ( 6 %; s - -152 ppm) indicate additional 
functionality in the ppt that may contribute to this 
materials solubility in acetone. The ppt does not form
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when a phenolic antioxidant, butylated hydroxy anisole, is 
added to the spin trapping solution.
The IR and NMR spectra of the decantate closely 
resemble those of pure PBN, indicating the ppt does not 
contain PBN or spin adducts derived from PBN.
Lifetime of Unstable Intermediates in FEP "Smoke11
The dual-pyrolysis apparatus (Figure V-l) was used to 
investigate the lifetimes of the radicals in FEP smoke. 
Baffled pyrex columns were added between the second 
pyrolysis zone and the spin trapping solution. The ESR 
spectra observed when the FEP decomposition products are 
bubbled through PBN in benzene (0.04 M) are shown in Figure 
V-18; the time that decomposition products reside between 
the second column and the spin trapping solution was 
approximately 0.8, 4.4, and 22 seconds (Figure V-18A, 18B, 
and 18C, respectively). A control experiment was performed 
without FEP and the residence time (0.8 s) was short 
(Figure V-18D). Even after 22 seconds F-PBN, Cl-PBN,
PBNOx, and fRO-PBN are formed. A white ppt is observed in 
these spin trapping solutions, indicating that TFE 
polymerizes in the spin trapping solution.
In a preliminary study, similar experiments were 
performed, but dodecane was used as the solvent. However, 
it was subsequently shown that the radicals in FEP smoke 
react with the hydrocarbon solvent. Consequently, spin
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trapping results in dodecane are of limited utility and are 
not discussed further.
Delay addition experiments were also performed to 
investigate the lifetime of the radicals or the species 
responsible for radical production. No radicals are 
trapped and no ppt is formed using the procedure and ESR 
spectral parameters described above. The shortest delay 
time was 20 sec. Subsequent experiments have shown that 
low concentrations of radicals could be trapped in delay 
addition experiments using larger quantities of FEP and 
higher receiver gains with the ESR (Nuggehalli, 8 8 ).
Oxidative Pvrolvsis of Low Molecular Weight 
Perfluorocompounds
Since TFE polymerizes to form a polymer (the white 
ppt) in the spin trapping solutions, and this process 
involves free radical mechanisms (McCane, 70), TFE was 
synthesized then oxidatively pyrolyzed in a manner similar 
to the PFPs. In addition, several other low molecular 
weight perfluorocompounds (bis(trifluoromethyl) peroxide, 
carbonyl fluoride, chloropentafluoroethane, and 
hexafluoroethane) were oxidatively pyrolyzed to determine 
the contribution they make to the spin adducts from PFP 
smoke (Table V-2). Since the hfsc for all of the spin 
adducts in Table V-2 are similar to those in Table V-l, 
they are not repeated in Table V-2. In addition, the
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Figure V-18. The ESR spectra observed when the residence 
time between the secondary pyrolysis tube and the spin 
trapping solution is (A) 0.8r (B) 4.4, and (C) 22 seconds. 
No ESR spectrum is observed when FEP was eliminated (D), 
the residence time is 0.8 seconds, and the receiver gain is 
increased by a factor of 10. Spin trapping was performed 
with PBN in benzene.
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Table V-2. Structural assignments3  of the spin adducts 
observed in the ESR spectra when the oxidative pyrolysis 
products from the listed compounds are reacted with PBN in 
benzene.
Compound Spin Adduct Observed
CF2 =CF2 F-PBN
Cl-PBN
fRO-PBN
PBNOx
c f 2=o Cl-PBN
PBNOx
CF3 CF2 C1
CF3 CF3
CF3 OOCF3
None
None
F-PBN 
Cl-PBN 
R-PBN 3  
PBNOX
a) Cyclohexadienyl or phenyl adduct of PBN (aN = 1.452 
and aH = 0.32 mT).
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relative spin adduct concentrations of the different 
spin adducts are also excluded since the relative 
concentrations are of little importance to the conclusions 
of this study.
Oxidative pyrolysis of tetrafluoroethylene (at 600 °C) 
yields the same four ESR signals as PFP (Figure V-19A), 
although the relative yields changed. This is not 
surprising since TFE forms during oxidative pyrolysis of 
PFPs. When the temperature of the pyrolysis tube is 
reduced from 600 to 400 "C, neither the spin adducts or the 
white ppt is observed (Figure V-19B).
Carbonyl fluoride is also major oxidative pyrolysis 
product, from PFPs. Oxidative pyrolysis of this compound 
at either 600 °C or 400 °C results in the formation of Cl- 
PBN and PBNOx (Figure V-20). The source of Cl-PBN may be 
carbonyl chlorofluoride, which according to the 
manufacturer is a trace impurity (< 1 %) in carbonyl 
fluoride. The intensity of Cl-PBN decreases until it 
disappears while the intensity of PBNOx increases in 
intensity for about 1 0  minutes then begins to decay, 
suggesting that at least some of the PBNOx forms from 
decomposing Cl-PBN.
TFE and F2 C= 0  were also oxidatively pyrolyzed in 
combination. When the gaseous mixture is heated to 400 °C, 
Cl-PBN and PBNOx are observed indicating that only the spin 
adducts due to carbonyl fluoride result (Figure V-2IB). At
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600 °C, Cl-PBN, PBNOx, F-PBN, fRO-PBN are observed 
indicating that spin adducts from both TFE and carbonyl 
fluoride result (Figure V-21A).
Hexafluoroethane was oxidatively pyrolyzed to model 
the low molecular weight PFP oxidative pyrolysis product 
like tetrafluoromethane. Chloropentafluoroethane was also 
studied since the polymers are known to contain trace 
chlorine impurities. No spin adducts are observed when 
these materials are oxidatively pyrolyzed at either 600 °C 
or 400°C, indicating that saturated perfluorocarbons and 
fluorochlorocarbons do not undergo free radical 
polymerization in the spin trapping solution.
Oxidative pyrolysis of bis(trifluoromethyl) peroxide 
also yields ESR signals similar to those as PFP. However, 
TFMP is heat sensitive and it is not clear what 
products would form at 600 °C. Since a white ppt is 
observed in the spin trapping solution, some TFE may have 
formed and polymerized yielding the observed spin adducts.
Pyrolysis in the Absence of Oxygen
When FEP is pyrolyzed in the absence of oxygen, and 
the decomposition products are bubbled through a solution 
of PBN in either benzene or dodecane, no ESR signals are 
observed. Only small quantities of ppt are observed.
Unlike the ppt formed in air, the ppt formed in nitrogen is 
insoluble in acetone.
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Figure V-19. The ESR spectra observed when TFE is 
oxidatively pyrolyzed at (A) 6 0 0  °c  or (B ) 4 0 0  "C , and the 
decomposition products are reacted with PBN in benzene.
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Figure V-21. The ESR spectra observed when a mixture 
containing tetrafloroethylene and carbonyl fluoride is 
oxidatively pyrolyzed at (A) 600 °C or (B) 400 °C, and the 
decomposition products are reacted with PBN in benzene.
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The Effect Filtration on Spin Trap Results
A series of experiments were performed to investigate 
the effect of the particulate matter on the resulting ESR 
spectra. Filters with different pore sizes (0.1, 0.2, 1.0, 
1 1 . 0  microns) were inserted between the primary and 
secondary pyrolysis tubes, similar ESR spectra are 
observed when either filters with the largest pore size ( 1 1  
microns) or no filters are present at all. Although the 
concentrations of the spin adducts decreased slightly, the 
signal due to PBNOx disappeared completely. This same 
trend occurs in either benzene (Figure V-22) or in dodecane 
(Figure V-23).
NBS Pvrolvsis Procedure
When FEP is oxidatively pyrolyzed by the NBS 
pyrolysis procedure (Levin, 82) and the smoke in the 
chamber is bubbled through the spin trapping solution (see 
Experimental), no ESR spectra are observed. This result 
indicates that the free radicals detected in the dual­
pyrolysis experiments can not be detected in the NBS 
protocol, presumably due to the dilution of the gases in 
the NBS chamber.
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Figure V-22. The ESR spectra observed when FEP is 
oxidatively pyrolyzed in the dual-pyrolysis apparatus and 
filters with pore sizes of (A) 0.1 micron, (B) 0.2 micron, 
(C) 1 micron, or (D) 11 micron are inserted between the 
pyrolysis tubes. Spectrum E is obtained when no filter is 
present between pyrolysis tubes. Spin trapping was 
performed in benzene.
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Figure V-23. The ESR spectra observed when FEP is 
oxidatively pyrolyzed in the dual-pyrolysis apparatus and 
filters with pore sizes of (A) 0.1 micron, (B) 1 micron, or 
(C) 11 micron are inserted between the pyrolysis tubes. 
Spectrum D or E is observed when either the filters or the 
Teflon is eliminated. Spin trapping was performed in 
dodecane.
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DISCUSSION
A variety of free radicals are trapped when either FEP 
or PTFE is oxidatively pyrolyzed. Several low molecular 
weight perfluorocompounds can be ruled out as the source of 
the spin adducts. This study shows that TFE, which is a 
major product in PFP smoke, repolymerizes in spin trapping 
solutions. The spin adducts that result from the thermal 
initiated polymerization of TFE closely resemble those that 
result when PFP smoke is reacted with PBN. A mechanism 
that explain the different spin adducts is discussed.
The initiation of TFE, and consequently, spin adduct 
formation requires several conditions. First, temperatures 
in excess of 400 °C are needed. Williams et al. (87) 
showed that TFE, which is contained in a plexiglass 
chamber, disappears more quickly when a hot furnace (ca.
700 °C) is present, suggesting TFE polymerization occurs in 
their study. Second, the spin trap apparently assists TFE 
polymerization, since more polymer ppt is formed in the 
presence of spin trap than in its absence, even though, the 
spin trap is not incorporated into the polymer. Third, 
oxygen must be present in the system for the spin adducts 
and the ppt to form.
Several known compounds in PFP smoke were oxidatively 
pyrolyzed to test if compounds other than TFE are involved
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in spin adduct formation.
At one time it was considered that difluorocarbene may 
be responsible for the formation of spin adducts. Although 
some preliminary experiments were performed to trap these 
species, work was stopped when several lines of evidence 
ruled out the possibility of their contributing to the spin 
trapping chemistry observed.
Spin adducts were not formed in the absence of oxygen, 
although difluorocarbene would still be expected to form 
(Hsu, 78). Difluorocarbene rapidly recombines to form 
tetrafluoroethylene as the temperature decreases and would 
not be expected to survive long enough to react with the 
spin trap (Modica, 65,66; Heicklen, 65, 6 6 b; Hsu, 78; 
Martinez, 80). Consequently, difluorocarbene is not 
responsible for the formation of spin adducts, under the 
experimental conditions used in this study.
Perfluoroalkanes are formed when PFPs are oxidatively 
pyrolyzed; for example, tetrafluoromethane [and CO2 ] is 
formed by the disproportionation of two molecules of 
carbonyl fluoride (Coleman, 6 8 a). Radicals are not spin 
trapped when hexafluoroethane or chloropentafluoroethane is 
oxidatively pyrolyzed implying that perfluoroalkanes, as 
well as those with some chlorine impurities, are not 
responsible for the spin adducts observed in this study.
These results are consistent with those of Mercer and 
Pritchard (57) and Heicklen and Knight (65), who found that
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hexafluoroethane is unreactive at temperatures as high as 
800 °C. In addition, perfluorocarbons do not polymerize.
Oxidative pyrolysis of carbonyl fluoride yielded only 
Cl-PBN and PBNOx, presumably from the carbonyl 
chlorofluoride impurities. Carbonyl fluoride is known to 
be the major product from the oxidative pyrolysis of PFP 
and TFE (Heicklen, 65, 6 6 a, 6 6 b; Coleman, 6 8 a; Waritz; 6 8 ; 
Kaplan, 84; Williams, 87), and Cl-PBN may exclusively 
result from the oxidative pyrolysis of the halogenated 
impurities. Cl-PBN formation is apparently independent of 
TFE polymerization since carbonyl fluoride and TFE act 
similarly when they are oxidatively pyrolyzed either 
together or separately.
Carbonyl fluoride may hydrolyze when the water in air 
dissolves in the spin trapping solution, and HF and HC1 
would result. However, these protic acids were ruled out 
as possible sources of F-PBN and Cl-PBN, respectively.
A variety of radicals would be expected to form during 
oxidative pyrolysis of perfluoropolymers. Primary 
perfluoroalkyl radicals would be expected to form in PFP 
smoke. Such radicals would result by carbon-carbon bond 
scission at high temperatures (Wall, 72) or during TFE 
polymerization (McCane, 70). Carbon-centered radicals 
rapidly add oxygen, to form peroxyl radicals.
Consequently, it is not surprising that carbon-centered 
radicals are not detected in air. Since carbon-centered
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radicals are not trapped when oxygen is absent, they may 
rapidly recombine to nonradical products (Tedder, 67).
Fluorine-atom spin adduct of PBN
Trapping of fluorine atoms is particularly interesting 
due to this radical's high reactivity and poor selectivity 
(Tedder, 61; Foon, 72, 75; Jones, 76; Appleman, 78).
Fluorine atoms would not be expected to add specifically to 
the spin trap when other competitive reactions could occur. 
Several studies have shown that the selectivity of 
chlorination is increased when carried out in aromatic 
solvents (Russell, 57; Walling, 58; Potter, 82; Skell, 83), 
suggesting that chlorine atoms complex aromatic solvents 
increasing their selectivity. Such an effect with fluorine 
atoms may contribute to high yields of F-PBN observed in 
this study.
Fluorine atoms have been detected in several studies 
and a variety of mechanisms have been proposed. For 
example, Alberti et al. (83) suggested two possible sources 
of the fluorine atoms they detected in their study 
described above. The first involves the fragmentation of 
the trifluoromethoxyl radical to produce carbonyl fluoride 
and fluorine atom (Reaction 1). A kinetic analysis of the 
decomposition of TFMP (Kennedy, 72; Batt, 87) support this 
reaction, although it is relatively slow. However, with 
the longer-chain perfluoroalkoxyl radicals expected in this
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study, C-C bond homolysis would be thermodynamically more 
favorable than C-F bond homolysis, and fluorine atoms would 
not form.
CF3 0- ----- > CF2=0 + F* (1)
The second mechanism proposed by Alberti et al. (83)
involves the fragmentation of trifluoromethyl hypofluorite,
which may be an impurity in the TFMP, to give fluorine atom
and trifluoromethoxyl radical (Reaction 2); however, there 
is no other evidence that hypofluorites are present in FEP 
smoke.
CF3 OF  > CF3 O • + F* (2)
Francisco et al. (8 6 ) suggested another mechanism for 
fluorine atom formation - in which trifluoromethoxyl 
radicals add to carbonyl fluoride and then eliminate a 
fluorine atom (reaction 3). Similarly, longer-chained 
perfluoroalkoxyl radicals that may be formed in this study 
could react in a similar manner (Reaction 4).
CF 3 0* + CF20  > CF3 -0-C(0)F + F* (3)
fRO* + CF20 > fR-O-C (0) F + F* (4)
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Spin trapping in bromotrichloromethane, 1,1,2- 
trichlorotrifluoroethane, dodecane, and hexane provided 
important results. Fluorine atoms are very reactive and 
can abstract bromine or hydrogen atoms at almost diffusion- 
controlled rates to produce solvent derived radicals 
(Trotman-Dickenson, 65; Dannen, 74; Foon, 75; Jones, 76; 
Appleman, 78). similarly, fluorine atoms can abstract 
chlorine atoms from the solvent (Foon, 72, 75), however, 
the reported rate constants for chlorine atom abstraction 
by fluorine atoms span several orders of magnitude (Dannen, 
74; Foon, 75; Jones, 76). Furthermore, perfluoroalkyl 
radicals rapidly abstract hydrogen atoms from aliphatic 
solvents (Sawada, 85). In the presence of oxygen, solvent 
derived peroxyl-radicals that may decompose to form PBNOx 
(Davies, 8 6 ; Halpern, 87) and small quantities of carbon- 
centered radicals derived from the solvent are spin trapped 
in the aliphatic hydrocarbon and halocarbon solvents.
Chlorine-atom spin adduct of PBN
Chlorine atoms are also spin trapped from FEP and PTFE 
smoke. This adduct is unexpected, and is presumed to 
result from chlorine-containing impurities incorporated 
into FEP and PTFE. Chlorine-containing compounds are 
precursors to tetrafluoroethylene and hexafluoropropylene
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(McCane, 70). Although these impurities are present in 
small concentrations, chlorine atoms are less reactive than 
fluorine atoms (Pryor, 6 6 ; March, 85) consequently they 
would add more selectively to the spin trap.
In only one experiment is a significant concentration 
of Cl-PBN present while F-PBN is absent. When F2 C= 0  (which 
contained some C1FC=0), is oxidatively pyrolyzed, only Cl- 
PBN and PBNOx form. Since TFE, PTFE, FEP all yield 
carbonyl halide during oxidative pyrolysis, carbonyl halide 
pyrolysis may be the sole source of the Cl-PBN spin adduct.
Perfluoroalkoxvl-radical Spin Adduct of PBN
Perfluoroalkoxyl radicals can form by a variety of 
mechanisms. In the gas phase, Faucitano et al. (8 6 ) showed 
that perfluoroperoxyl radicals react in a bimolecular 
process with themselves to yield perfluoroalkoxyl radicals.
In addition, perfluoroalkoxyl radicals may form in solution 
when the perfluoroperoxyl radical spin adduct of PBN 
decomposes to PBNOx and perfluoroalkoxyl radicals (see 
above mechanism). Such an addition process may explain 
how the nitrone contributes to TFE polymerization.
Perfluoroalkoxyl radicals may initiate TFE 
polymerization. Chen and Kochi (74) have shown that 
trifluoromethoxyl radical exclusively adds to propylene 
while a nonfluorinated alkoxyl radical (tert-butoxyl)
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exclusively abstracts the allylic hydrogen. Therefore, 
perfluoroalkoxyl radicals in PFP smoke could either add to 
TFE to initiate polymerization or to the spin trap to form 
spin adducts.
Perfluoroalkoxyl radicals have been difficult to 
detect (Francisco, 8 6 ). However, based on analysis of the 
hfsc, perfluoroalkoxyl radicals may have been trapped in 
this study. For example, several workers have tried to 
detect trifluoromethoxyl radicals directly (CF3 0 *) by low- 
temperature ESR (Chen, 74; Francisco, 8 6 ), but they were 
unsuccessful due to this radical's high reactivity and 
broad ESR spectrum (Symons, 69). Christe et al. (71) were 
unable to trap CF3 0 * in an argon matrix and identify the 
radical by infrared absorption spectroscopy.
Never the less, only one report appears where 
perfluoroalkoxyl radicals are spin trapped. Alberti et al. 
(83) photolyzed bis(trifluoromethyl) peroxide (TFMP) in the 
presence of a spin trap, 3,3,5,5-tetramethyl pyrroline-N- 
oxide (Me4 PO), a spin trap similar to PBN. Although this 
experiment was discussed in length, neither the spectrum 
nor the relative yields of the different spin adducts were 
published. They detected species with hfsc lower than 
typical nonfluorinated alkoxyl radicals which they assigned 
to that of the trifluoromethoxyl radical spin adduct Me 4 PO.
In addition, they detected a spin adduct with very high 
fluorine hfsc, characteristic of the fluorine atom spin
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adduct of Me 4 P0 . In addition, their spin trap was oxidized 
to a species analogous to PBNOx.
These results parallel those of Alberti et al. (83) in 
several ways. Oxidative pyrolysis of TFMP, FEP, PTFE and 
TFE produced species with hfsc lower than typical 
nonfluorinated alkoxyl radicals, which have been assigned 
to perfluoroalkoxyl radical spin adducts of PBN. In 
addition, F-PBN and PBNOx are detected.
Despite several efforts, we were unable to synthesize 
the trifluoromethoxyl spin adduct using Alberti's procedure 
with PBN as the spin trap. This failure may have resulted 
from the low concentrations of the bis(trifluoromethyl) 
peroxide used to avoid explosive reactions!
PBNOx Formation
PBNOx could form by a variety of mechanisms in this 
study. In air, oxygen would add very quickly to the 
perfluoroalkyl radicals to form more stable 
perfluoroperoxyl radicals. Perfluoroperoxyl radicals that 
are bound to polymeric surfaces are stable at room 
temperature (Suryanarayana, 82; Schlick, 83; Chamulitrat,
8 6 ). Although lower molecular weight peroxyl radicals are 
more reactive, they may add slowly to spin traps based on 
comparison to nonfluorinated peroxyl radicals (Perkins,
80). Peroxyl radicals that are spin trapped are generally 
unstable and decompose to PBNOx. A mechanism for the
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decomposition of the trichloromethylperoxyl radical spin 
adduct of PBN has been proposed (Niki, 83; Davies, 8 6 ; see 
below) and a similar process could occur with fROO-PBN.
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There is additional evidence that links PBNOx 
formation to peroxyl radicals. First, Niki et al. (1983) 
varied the relative concentrations of tert-butoxyl radicals 
and tert-butylperoxyl radicals and found the concentration 
of PBNOx increases with the peroxyl radical concentration.
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Second, Merritt and Johnson found that peroxyl radical spin 
adducts are replaced by alkoxyl radical spin adducts when 
the temperature is raised from -80 °C to room temperature.
Some of the PBNOx may result from the decomposition of 
other spin adducts. When carbonyl fluoride, which contains 
chlorinated impurities, is oxidatively pyrolyzed Cl-PBN and 
PBNOx are formed; the signal due to PBNOx increased in 
intensity while the Cl-PBN signal decreased. Similarly, 
the PBNOx signal increases when smoke from PFPs is allowed 
to react with PBN in benzene while all of the other signals 
decrease, implying that decomposition of the spin adducts 
resulted in the formation of PBNOx as a secondary product.
The signal due to PBNOx, which is generally stable for 
days, disappears within two hours in this study suggesting 
that the PFP decomposition products in the spin trapping 
solutions induce the decomposition of nitroxides. Such 
reactions are supported by a number of studies by Tedder et 
al. (Singh, 80; Scott, 80; Smith, 87) who found that acyl 
halides, which are formed when PFPs are oxidatively 
pyrolyzed, can decompose stable nitroxides. Such a process 
may be responsible for the instability of the spin adducts 
in this study.
In some experiments, filters were inserted between the 
pyrolysis tubes. Less material is oxidatively pyrolyzed 
when filters remove particulate matter before the second 
pyrolysis tube. Since PBNOx forms from decomposing spin
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adducts and filters may have reduced the total amount of 
all of the spin adducts, filters may dramatically reduce 
the concentration of PBNOx.
SUMMARY
Figure 24 summarizes my results. A variety of short­
lived free radicals are spin trapped when PFP is 
oxidatively pyrolyzed and the smoke is allowed to react 
with PBN. When PFPs (e.g. PTFE) are pyrolyzed, the 
production of difluorocarbene would be expected (process A 
in Figure 24). In the absence of oxygen, spin adducts of 
PBN are not observed, suggesting that halocarbenes dimerize 
too quickly (process B) to reach the spin trapping 
solution.
At high temperatures, thermal initiation of TFE 
polymerization may occur in the gas phase (process C). In 
the presence of oxygen, perfluoroalkyl radicals, which form 
during thermal cracking of the polymer or during TFE 
polymerization, would add oxygen to form more stable 
peroxyl radicals (process D). These peroxyl radicals could 
dissolve in solution, add to PBN (process E), or react with 
a second peroxyl radical to produce more reactive 
perfluoroalkoxyl radicals (process F).
PTFE 
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Figure V-24. The proposed mechanism that explains the 
formation of the spin adducts.
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Perfluoroperoxyl radicals that are spin trapped could 
decompose to yield perfluoroalkoxyl radicals and PBNOx 
(process G). Perfluoroalkoxyl radicals are very reactive 
and may react in several ways. They could produce a 
perfluorocarbonyl and a fluorine atom (process H ) , they 
could add to PBN forming the spin adduct assigned as fRO- 
PBN (process I) , or they could add to TFE to initiate 
polymerization and form perfluoroalkyl radicals (processes 
J and K). In air, the perfluoroalkyl radicals can add 
oxygen to form new perfluoroperoxyl radicals, starting a 
new chain (process L). Consequently, the spin trap 
indirectly contributes to TFE polymerization by since spin 
adducts can decompose to form perfluoroalkoxyl radicals.
Fluorine atoms might add to spin trap (process M) or 
to the TFE to initiate polymerization.
Carbonyl fluoride, which contains some carbonyl halide 
impurities, forms during oxidative pyrolysis of PTFE 
(process N) or TFE (process O). Oxidative pyrolysis of 
"pure" carbonyl fluoride forms Cl-PBN and PBNOx (process 
P), but not F-PBN or fRO-PBN. At least some of the PBNOx 
forms from decomposing Cl-PBN (process Q). Similarly, some 
PBNOx may result from decomposing F-PBN (process R ) .
Some perfluoroalkanes are formed when PFPs are 
oxidatively pyrolyzed (process S). Oxidative pyrolysis of 
hexafluoroethane and chloropentafluoroethane did not yield 
spin adducts (process T) ruling out perfluoroalkanes as the
species responsible for the spin adducts.
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TOXICOLOGICAL IMPLICATIONS
Several types of radicals are spin trapped from PFP 
smoke due to the free radical polymerization of TFE. PFP 
smoke is highly toxic and our results suggest that free 
radicals may contribute to PFP smoke toxicity. However, 
since the spin trap may help initiate radical formation in 
organic solvents, other techniques that more closely model 
biological systems should be investigated to determine the 
role the free radicals play.
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APPENDIX A. COMPILATION OF HYPERFINE SPLITTING 
CONSTANTS (IN mT) OF FLUORINE CONTAINING NITROXIDES
TABLE A-l. Nitrogen, hydrogen, and fluorine hyperfine 
splitting constants for fluorinated and nonfluorinated spin 
adducts of a-phenlyl-N™tert-butyl nitrone.
H O-
I I
Ph - C - N - t-Bu
I
R
R aN aH aF Solvent Refer<
-cf3 13.30 1. 54 1.54(3) Bz 1
-ch3 14.82 3.6 - Bz 2
14.2 3.4 - Bz 4
-och3 13.77 2.05 - Bz 4
-ch2 ch3 14.62 3 . 33 - Bz 2
14.68 3.25 - Bz 4
-och2 ch3 14.01 2.03 - Bz 4
-och2 cf3 : 3.8 2 . 0 - Bz 9
-cf2 cf3 14.05 1 . 2 1.46(2) Bz 3
-n-Bu 14.64 3.21 - Bz 4
-O-n-Bu 13.65 1.97 - Bz 4
-t-Bu 14.6 2 . 6 - diglyme 5
-O-t-Bu 13.74 2 . 1 0 - Bz 4
-OO-t-Bu 13.39 1.19 - DCM 6
12.42 0.95 - Ph-Me 8
-0C(0)CH3 12.9 1 . 8 - Bz 2
-CF(Ph)HC02Me 14.9 4.8 - PhCHFC02Me 7
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Table A-l cont.
1) Janzen, E.G. and Blackburn, B.J. (1968). J. Am. Chem. 
Soc. 90/ 5909.
2) Janzen, E.G. and Blackburn, B.J. (1969). J. Am. Chem. 
Soc. 91, 4481.
3) Janzen, E.G., Knauer, B.R., Williams, L. T., and 
Harrison, W.B. (1970). J. Phys. Chem. 74, 3025.
4) Bluhm, A.L. and Weinstein, J. (1972). J. Org. Chem.37 
1748.
5) Okhlolbystina, et al. (1975). Bull. Acad. Sci. USSR 
(Engl. Trans.) 24./ 2323.
6 ) Merritt, M. V. and Johnson, R.A. (1977) J. Am. Chem.
SOC 99, 3713.
7) Bethell, D. and McDonald, K. (1977). J. Chem. Soc., 
Perkin Trans. II, 671.
8) Howard, J.A. and Tait, J. c. (1978). Can. J. Chem. 82 
1397.
9) Lachocki, T.M., unpublished.
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TABLE A-2. Nitrogen and fluorine hyperfine splitting 
constants for fluorinated spin adducts of 2 -methyl-2 - 
nitrosopropane.
0 -
I
R - N - t-Bu
R_____________ aN____ beta-aF aamma-aF Solvent Reference
-CF3 12.05 12.05(3) Bz 1
-CF2 CF3 11.10 21.85(2) Bz 1
-CF2 CF2 CF3 11.35 18.58(2) Bz 1
-CF(CF3 ) 2 11.92 2.25 2.25 Bz 1
-CH(CF3 ) 2 12.21 0.74(H) 2.31 Bz 1
-CD(CF3 ) 2 12.14 - 2.32 Bz 1
-CF2Ph 11.66 19.09(2) - 2
1) Klabunde, K. J. (1970). J. Am. Chem. Soc. 92, 2427.
2) Janzen, E.G. et al. (1970).J. Phys. Chem. 74, 2037.
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TABLE A-3. Nitrogen, hydrogen, and fluorine hyperfine 
splitting constants for /3-fluoro™ and /3-chloro- 
substituted benzyl-tert-butyl nitroxide
Ph O-
i l lR 1 - C - N - t-Bu
R-i r£ aN aH aF Solvent Reference
H F 1 2 . 1 1 . 1 44.7 Bz 1,2,3
F F 1 1 . 6 6 - 19.09(2) Bz 1 , 2
H Cl 1 2 . 1 0.75 a Bz 2,3
Cl Cl 13.2 — 3.3 CC14 2
a) a35cl = 6.05 and = 4.88
1) Janzen, E.G., Knauer, B.R., Williams, L. T., and 
Harrison, W.B. (1970). J. Phys. Chem. 74, 3025.
2) Janzen, E.G. (1971). Topics in Stereochemistry 6 , 177.
3) Tyurikov, V.A. et al. (1972).Bull Acad. Sci USSR (Engl. 
Transl.) 21, 2321.
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TABLE A-4. Nitrogen, hydrogen, and fluorine hyperfine 
splitting constants for substituted-phenyl spin adducts of 
PBN.
H 0-
I I
Ph - C - N - t-Bu
I
R
R = Ph-R2
R—___________aN______ aH aF Solvent Reference
—F 5 14.0 4.4 - Bz 4
-H5 14.47 2.18 - BZ 1
-CH3 (p) 14.0 2.2 - Bz 4
-CH3 (o ) 14.0 3.2 - Bz 4
-0CH3 (p) 13.91 2.15 - BZ 2
-CvHpa 14.5_____ 2.25  Bz________3
a). Cyclohexadienyl adduct.
1) Bluhm, A.L. and Weinstein, J. (1972). J. Org. Chem.37, 
1748.
2) Kobayashi, M . , Akiyama, E., Minato, H. Kito, N. (1974). 
Bull. Chem Soc. Japan 4J7, 1504.
3) Mao, C.R. and Kreilick, R.W. (1976). Mol. Phys. 31, 
1447.
4) Kamimori, M. Sakuragi, H. Suehiro, T . , Tokumaru, K., 
and
TABLE A-5. Nitrogen, hydrogen, and halogen hyperfine 
splitting constants for^ halogenated spin adducts of PBN.
H 0*
I I
Ph - C - N - t-Bu
R 1
R— aN aH
-CCI3 13.7 1.7
aH = 0. 796aN
-CHCICCI3 13.52 1.92
-CHCICF3 13.72 1.92
-cf3 13.30 1.54
-c f 2ci 14.06 <1.3
-CHC12 14 .32 2.03
-CBr3 13.52 1.76
-OOCCI3 13.5 1 . 6
aF Solvent Reference
Bz 3
9.40 5
- Ph-Me 7
- Ph-Me 7
1.54 Ph-H 1 , 2
2.14 Bz 2
- CHCI3 4
- Ph-H 7
- CCI4 6
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TABLE A-5. cont.
1) Janzen, E.G. and Blackburn, B.J. (1968). J. Am. Chem. 
Soc. 90, 5909.
2) Janzen, E.G. and Evans, C.A. (1973). J. Am. Chem. Soc. 
95, 8205.
3) Kimura, K., Inaki, Y. Takemoto, K. (1977). macromol. 
Chem. 178. 317.
4) Gasanov, R.G., Freidlina, R.Kh. (1977). Dokl. Akad. 
Nauk. USSR 235. 1309.
5) Janzen, E.G., Coulter, G.A., Oehler, Urn M . , and 
Bergsma, J.P. (1982). Can. J. Chem. 60, 2725.
6 ) Symons, M.C.R., Albano, E. Slater, T.F., and Tomasi, A. 
(1982). J. Chem. Soc. Faraday Trans. I 78, 22 05.
7) Davies M.J. and Slater, T.F. (1986). Chem.-Biol. 
Interactions 58, 137.
TABLE A- 6 . Nitrogen, hydrogen, and fluorine hyperfine 
splitting constants for halogenated acyl-tert-butyl 
nitroxides.
0 0 *
, I
R 1 - C - N - t-Bu
R-l-___________ aN_____ aH_____ aX______ Solvent Reference
-H 7.0 - - DCM 2
-F 12.5 - 0.70 CFHC12 3
-Cl 6.5 - 0.5 Ph-Me 1
1) Aurich, H. G. and Stork, K. (1972). Tet. Lett. 555.
2) Aurich, H.G. and Stork, K. (1975). Chem. Ber. 108. 
2764.
3) Camaggi, C.M. and Perkins, M.J. (1972). J. Chem. Soc. 
Perkin Trans. II, 507.
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